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The  work  described  in  this  report  was  authorized  under  Task  1B522301A08101, 
'"Dissemination  investigations  of  Liquid  and  Solid  Agents  (U)."  The  work  was 
started  in  March  1965  and  completed  in  December  1966. 

Reproduction  of  this  document  in  whole  or  in  part  is  prohibited  excipt  with 
permission  of  the  CO,  Edgewood  Arsenal,  ATTN:  SMUEA-RPR,  Edgewood  Arsenal, 
Maryland  21010;  however,  Defense  Documentation  Center  is  authorized  to  reproduce 
the  document  for  US  Government  purposes. 

The  information  in  this  document  has  not  been  cleared  for  release  to  the 
general  public. 


DIGEST 


A  study  was  conducted  to  critically  review  arid  evaluate  literature 
in  the  field  of  atomization.  The  literature  survey  yielded  955  perti¬ 
nent  references  which  have  been  summarized  together  with  abstracts  where 
available.  The  more  important  correlations  presented  in  the  literature 
for  the  various  mechanical  atomizing  techniques  (hydraulic  or  pressure, 
pneumatic  or  two- fluid,  and  rotary  or  spinning  disk)  have  been  summa¬ 
rized  and  analyzed.  The  best  agreement  was  shown  by  the  data  for 
hydraulic  swirl  nozzles,  where  discrepancies  were  nominal!',  not  over 
twofold  to  threefold.  The  largest  discrepancies,  tenfold  in  some  cases, 
were  found  for  simple  hydraulic  nozzles.  A  'arge  part  of  the  discrep¬ 
ancy  is  attributed  to  shortcomings  in  the  drop  size  analysis  techniques, 
including  sampling. 
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I  INTRODUCTION 


The  subdivision  of  a  hulk  liquid  is  commonly  termed  atomization. 
Atomization  may  a'so  be  used  to  subdivide  solids  it  they  can  be  melted 
as  in  the  case  of  m'tals.  Subdivision  of  a  liquid  (or  a  solid)  may  be 
desired  for  a  number  of  reasons:  (1)  to  permit  distribution  of  materials 

throughout  an  area  or  space,  (2)  to  expose  a  large  surface  for  mass  or 
heat  transfer,  (3)  to  provide  desired  flow,  parking,  optical,  insulation, 
deposition,  or  other  properties. 

Because  atomization  is  one  of  the  processes  involved  in  dissemina¬ 
tion  of  liquid  agents  of  solutions  or  suspensions  <>t  solid  agents,  a  study 
was  undertaken  to  critically  review  and  evaluate  the  literature  pertaining 
to  this  field.  The  first  phase  of  this  study  was  an  exhaustive  survey  of 
the  literature. 

Although  the  literature  survey  revealed  many  reviews  ot  the  field  of 
atomization  [e.g.,  Eisenklam  (|96l).  Fraser  and  Eisenklam  (1956),  Fraser, 
Eisenklam,  and  Uombrowski  (1957),  him  (1959),  Marshall  (1954),  Mclrvine 
(1957),  Mugele  (1960),  Putman  ef  al.  (1957),  Ranz  (1956),  Tate  (1965), 
and  Wolfe  and  Anderson  (  1964)1,  r.one  was  considered  adequately  comprehen¬ 
sive,  nor  were  the  results  of  various  investigations  presented  on  a 
particularly  comparable  or  usable  basis.  'Tie  second  phase  of  this  study 
was  therefore  concerned  with  a  detailed  and  critical  analysis  of  the  re¬ 
sults  of  those  investigators  whose  work  appeared  to  be  most  important. 

This  analysis  was  undertaken  with  the  objective  of  summarizing  available 
knowledge  in  the  field  of  atomization  in  a  self-consistent  form  to  permit 
a  direct  comparison  between  the  results  of  various  investigations  and  to 
aid  in  the  design  of  atomization  equipment.  The  detailed  analysis  was 
limited  to  certain  mechanical  atomization  techniques  (hydraulic  or  pressure, 
pneumatic  or  two-fluid,  and  rotary  or  spinning  disk — illustrated  in 
Figs.  1-3).  Some  techniques  (vibrational,  explosive,  and  electrostatic) 
have  been  reviewed  during  other  phases  of  the  program,  while  others 
(gravitational  and  film  bursting),  although  of  importance  in  nature, 
would  appear  to  have  capacities  that  are  too  limited  to  be  of  interest 
in  dissemination.  These  various  techniques  are  summarized  in  Table  1  and 
are  discussed  in  Section  III. 
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In  order  to  completely  identify  the  performance  of  an  atomi  zati  0,1 
device  it  is  necessary  to  specify  the  following  items  as  a  function  of  the 
operating  conditions:  (1)  average  site  and  uniformity  (size  distribution) 

of  droplets  produced,  (2)  power  consumption,  (3)  liquid  spraying  rapacity, 
and  (4)  operational  considerations  such  as  erosion  or  clogging.  This  study 
has  bepn  concerned  primarily  with  the  first  of  these,  although  the  second 
and  third  items  must  be  taken  into  aceiunt,  if  only  indirectly.  Certain 
general  conclusions  can  be  drawn  on  the  relative  merits  of  the  various 
atomizing  techniques  from  the  standpoint  of  energy  ot  power  consumption. 
Capacity  and  operational  considerations,  however,  are  too  intimately  re¬ 
lated  to  specific  applications  to  permit  generalized  comparisons. 

This  report  will  cover  only  the  intrinsic  mechanical  capabilities 
of  techniques  for  producing  fine  drops.  Any  further  reduction  i »  drop 
size  that  can  occur  as  the  rrsult  of  evaporation  is  beyot.2  1  -  scope  of 
present  considerations,  since  it  involves  other  properties  specific  to 
each  1 iquid. 
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II  SUMMARY  AND  CONCLUSIONS 


The  literature  survey  yielded  r> 5  pertinent  references.  These  are 
listed  in  Appendix  B  together  with  abstracts  where  available.  The  scope 
of  the  most  important  investigations  in  the  literature  (covering  hydraulic, 
pneumatic,  and  rotarv  atomizers)  is  summarized  in  Table  H  The  detailed 
correlations  presented  l.v  each  investigator  relating  mean  article  size 
generated  to  fluid  properties  and  operating  conditions  are  irnmarized  in 
Tallies  I  I  I  -  V ;  in  euch  table  the  data  are  presented  in  three  irmats.  The 
first  format  gives  the  direct  relationship.  The  second  conv  is  the  re¬ 
lationship  into  a  generalized  dimensionless  form.  The  third  gives  particle 
sizes  predicted  by  the  relationship  for  two  velocity  levels  and  the  stand¬ 
ard  properties  and  conditions  specified  in  Table  VI. 

For  the  standard  properties  and  conditions  the  sizes  predicted  by 
the  various  relationships  for  similar  atomizers  cover  a  twofold  and  three¬ 
fold  range  lor  the  most  part,  with  an  extreme  range  of  over  tenfold  in 
some  cases.  There  are  also  very  marked  d i sagr etmen t s  in  the  magnitude  of 
the  role  played  by  each  variable,  with  some  investigators  reporting  in¬ 
verted  roles  ( t . e . ,  particle  size  decreases  with  an  increase  in  the  vari¬ 
able  in  one  case  and  increases  in  the  other  rase)  for  similar  atomizers. 

The  best  agreement  is  shown  by  the  uaia  for  hydraulic  swirl  nozzles  for 
which  the  most  extensive  data  are  available.  Good  agreement  exists  lor 
data  on  ro'ary  or  spinning  disks.  However,  these  data  are  relatively 
limited  in  extent.  The  greatest  di sc repanc i es  are  present  in  the  data 
for  simple  hydraulic  nozzles. 

Some  of  the  discrepancy  can  be  attributed  to  the  tc-1  lowing: 

(1)  many  investigations  covered  only  a  narrow  range  of  a  variable,  and 
hence  had  limited  precision  in  assessing  variations  due  to  that  variable; 

(2)  some  investigators  did  not  actually  investigate  a  variable  but  intro¬ 
duced  it  in  the  correlation  for  either  rational  or  arbitrary  reasons. 

The  large  discrepancies  found  with  simple  hydraulic  nozzles  suggest  that 
turbulence,  which  is  never  reported  or  controlled  directly,  may  be  an 
important  factor.  It  is  believed  however  that  a  large  part  of  the  dis¬ 
crepancy  is  probably  due  to  shortcomings  in  the  drop-size  analysis  tech¬ 
niques,  including  sampling. 
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Although  resolution  is  needed  in  most  areas,  data  are  particularly 
scarce  in  the  following:  (1)  effect  of  gas  density  on  atomization, 
especially  pneumatic  atomization,  (2)  effect  of  turbulence  on  atomization, 
(3)  effect  of  compressibility  in  pneumatic  atomization,  { *)  effect  of 
ultrahigh  pressure  in  hydraulic  atomization,  and  (5)  effect  of  high 
loadings  (t.e.,  representative  of  production  capacities)  on  performance 
of  rotary  atomizers. 

Although  surface  tencicn  is  an  important  variable,  its  effect  on 
atomization  is  not  sufficient  1  '  resolved.  This  is  partially  due  to  the 
small  range  (threefold)  of  variability  in  surface  tension  available  with 
ordinury  liquids.  Although  much  larger  surface  tensions  can  be  obtained 
by  the  use  of  molten  salts  and  metuis,  very  few  investigators  hove  em¬ 
ployed  them. 


Ill  ATOMIZATION  TECHNIQUES  AND  MECHANISMS 


A.  Types  of  Techniques 

Table  I  lists  all  the  well  known  techniques  by  which  liquids  can  be 
atomized.  Like  most  attempts  at  categorization,  it  is  not  possible  to 
develop  a  system  in  which  each  category  is  completely  independent  of 
another.  In  Table  I  the  distinction  between  the  various  types  of  tech¬ 
niques  is  either  in  the  geometry  of  the  atomizing  device  or  in  the  ulti¬ 
mate  source  of  the  external  motivating  force  applied. 

The  first  three  categories  (hydraulic,  pneumatic,  and  rotary)  are 
the  mechanical  techniques  that  are  most  widely  used  in  industry,  in  agri¬ 
culture,  and  in  domestic  applications.  Figures  1,  2,  and  3  illustrate 
various  types  of  geometric  devices  that  fall  into  each  of  those  three 
categories.  Vibrational  and  electrostatic  techniques  have  received  con¬ 
siderable  attention  in  recent  years,  but  they  are  still  in  a  development 
stage.  Explosive  techniques  have  been  widely  used  in  military  applica¬ 
tions  (chemical  agent  dissemination).  Film-bursting  and  gravitational 
techniques  are  prevalent  in  nature  but  are  normally  not  capable  of  atom¬ 
izing  liquids  at  high  rates. 

B.  Basic  Considerations 

Essentially  any  atomization  process  can  be  considered  as  a  disruption 
of  the  consolidating  influence  of  surface  tension  by  the  ac t ion  o f  i n terna 1 
or  external  forces  or  pseudoforces  (such  as  inertia).  In  the  absence  of 
such  disruptive  influences,  surface  tension  would  act  to  pull  a  liquid  into 
a  spherical  form  (i.e.,  a  form  with  minimum  surface  energy).  When  opposed 
by  other  forces  or  liquid  inertia,  this  action  of  surface  tension  can 
result  in  instabilities  that  will  permit  the  bulk  liquid  to  break  up  into 
smaller  units.  Any  shear  stresses  set  up  within  the  liquid  through  the. 
medium  of  liquid  viscosity  will  resist  a  change  in  system  geometry  and 
hence  will  exert  a  stabilizing  influence  (i.e.,  attenuate  the  disruption 
process).  On  the  other  hand,  external  shear  stresses  in  the  ambient 
medium  may  aid  the  disruption  process  by  applying  an  external  distorting 
force  to  the  bulk  liquid. 


In  order  for  any  force  to  exert  a  disruptive  action  sufficient  to 
produce  particles  of  a  desired  fineness,  the  magnitude  of  the  force  must 
equal  or  exceed  any  consolidating  action  exerted  by  surface  tension.  One 
way  to  establish  what  types  or  magnitudes  of  forces  are  necessary  to  permit 
given  degrees  of  atomization  is  to  represent  the  various  common  types  of 
forces  on  a  comparuble  basis  and  to  show  the  way  in  which  these  forces 
vary  with  drop  size.  This  has  been  done  in  Fig,  4  where  the  various  types 
of  forces  have  been  expressed  in  terms  of  a  pressure  corresponding  to  a 
variety  of  conditions.  Surface  tension  has  been  expressed  as  an  equivalent 
internal  pressure  set  up  within  the  drop.  In  order  to  pioduce  a  drop  of 
a  given  size,  it  is  necessary  to  exert  an  external  force  or  action  that 
will  be  at  least  as  large  as  the  surface  tension  effect.  Since  the  system 
geometry  and  the  relative  direction  and  time  of  application  of  forces  will 
also  inflqence  the  details  of  any  subsequent  disruptive  action  or  result, 
Fig.  4  cannot  be  expected  to  yield  any  rigorous  quantitative  comparisons. 
However,  the  figure  is  useful  for  demonstrating  the  ranges  of  utility  and 
the  necessary  order  of  magnitudes  for  atomizing  by  various  mechanisms. 

For  example,  the  action  of  gravity  alone  might  be  expected  to  yield  drops 
in  the  size  range  of  several  millimeters,  but  it  would  be  incapable  of 
fine  atomization.  A  force  field  of  10,000  gravities  (which  can  be  achieved 
by  rotary  devices)  would  permit  formation  of  drops  in  the  100-niicron- 
diameter  range.  Drag  forces  due  to  the  motion  of  a  liquid  relative  to 
atmospheric  air  can  yield  drops  in  the  size  range  of  10  microns  provided 
the  relative  velocity  approaches  that  of  sound. 

In  a  hydraulic  nozzle,  pressure  energy  is  converted  into  kinetic 
energy  of  the  liquid.  if  the  motion  of  the  liquid  is  changed  in  any  way, 
the  resulting  inertial  forces  will  tend  to  exert  a  disruptive  influence. 

One  might  expect,  therefore,  that  the  maximum  disruptive  effect  would  be 
achieved  by  impingement  of  a  fast  moving  liquid  jet  on  an  obstacle.  On 
this  basis  one  might  expect  that  drops  of  the  order  of  10  microns  in 
diameter  could  be  produced  by  the  use  of  hydraulic  pressures  somewhat 
greater  than  10  psi,  which  would  be  the  case  if  pressure  differences  of 
this  order  were  set  up  over  distances  corresponding  to  the  order  of 
10  microns.  This,  of  course,  requires  much  larger  hydraulic  pressures 
unless  one  starts  with  a  sufficiently  small  diameter  jet.  It  is  more 
likely  that  the  atomization  from  a  hydraulically  induced  jet  arise#  from 
the  resulting  drag  of  the  surrounding  atmosphere.  In  that  case  the 
hydraulic  pressure  acts  primarily  to  set  up  a  relative  velocity  between 
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the  liquid  and  the  atmosphere.  Hydraulic  pressures  ot  approximately 
0.007,  0.7,  70,  and  7000  psi  are  required  to  accelerate  liquids  having 
densities  close  to  that  of  water  to  velocities  of  1,  10,  100,  and  1000  1 t /sec 

respectively,  ignoring  possible  energy  losses  in  the  energy  transfer. 

Thus,  to  produce  10  micron  drops  would  require  hydraulic  pressures  of  at 
least  7000  psi. 

It  is  apparent  from  Fig.  4  that  it  is  difficult  to  develop  mechanical 
forces  which  are  capable  of  overcoming  surface  tension  in  the  submicron 
range.  Sudden  release  of  superheated  liquids  would  be  a  way  in  which  high 
disruptive  internal  pressures  could  be  developed.  Such  releases,  however, 
must  be  very  rapid  in  order  to  minimize  the  attenuation  of  those  disrup¬ 
tive  pressures  resulting  from  evaporative  cooling.  The  actual  process  is 
a  complex  equilibrium  between  liquid  acceleration  due  to  internal  pressures 
and  relaxation  of  those  pressures  by  heat  transfer  to  the  liquid  surface. 

In  addition  to  any  pneumatic  effects,  this  mechanism  might  be  involved  in 
explosive  atomization. 

C.  Static  Drop  Formation 

The  most  elementary  form  of  atomization  is  the  quasi-static  case  of 
the  hanging  or  pendant  drop.  In  its  simplest  fo, _  it  is  exemplified  by 
the  emission  of  a  liquid  at  a  very  slow  rate  along  a  discontinuity,  as 
in  the  slow  discharge  of  a  liquid  from  the  end  of  a  burette.  When  the 
action  of  gravity  on  the  liquid  exceeds  the  surface  tension  force  along 
the  discontinuous  surface  or  wall,  the  liquid  will  be  pulled  away  from 
the  surface  and  a  drop  will  form.  For  this  type  of  slow  emission  of 
liquid  from  a  thin  circular  tube,  the  mass  of  the  drop  formed  is  given 
by 

m  -  v D  a  /a,  ( 1 ) • 

The  size  of  a  spherical  drop  corresponding  to  this  mass  is  given  by 

Dp  *  (6Z>/r;/p;gt)‘'J  .  (2) 

The  quasi-static  breakaway  of  a  liquid  from  a  flat  horizontal  wetted 
surface  involves  a  mechanism  that  is  basically  the  same  as  that  from  a 
discontinuous  surface,  but  one  that  involves  a  more  complex  balance  of 


*  For  definition  of  torn*  »•«  (notion  on  "Noaonc Itturo.  " 
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gravitational  ..nd  surface  tension  forces.  Based  on  the  work  of  Tamada 
and  Shibaoka  (1961),  the  drop  size  formed  by  this  mechanism  is  given  by 


0 


Dp  -  3.3(  v  t!PilL)Xn  .  (3) 

From  Equation  3  one  would  predict  that  drops,  formed  slowly  by  the 
action  of  normal  gravity  on  a  liquid  film,  would  be  9  mm  and  5  mm  in 
diameter  for  water  and  organic  liquids,  respectively.  By  forming  such 
drops  from  a  1-mm-di ameter  opening  (with  a  discontinuous  edge)  instead 
of  from  a  flat  film,  Equation  2  would  predict  drop  diameters  of  3.5  mm 
and  2.5  mm  for  water  and  organic  liquids,  respectively.  If  the  hole  size 
were  reduced  t)  1  micron  in  diameter,  the  predicted  drop  size  would  be 
one  tenth  as  large,  or  350  and  250  microns,  respectively.  Thus  the  case 
of  either  the  hanging  or  the  dripping  drop  in  a  gravitational  field  in¬ 
volves  production  of  relatively  large  drops  at  low  rates.  Although  this 
mechanism  is  common  in  nature,  it  is  not  very  effective  when  extensive 
atomization  is  desired,  from  the  standpoint  of  either  capacity  or  drop 
size.  Gravity  is  a  major  factor  only  as  long  as  forces  due  to  hydrostatic 
head  within  the  confines  of  a  potential  drop  are  sizable  as  compared  with 
other  forces.  Thus  gravity  becomes  a  less  significant  factor  in  atomiza¬ 
tion  as  drop  size  decreases,  and  it  becomes  a  negligible  direct  factor  for 
producing  drops  smaller  than  500  microns  in  diameter.  Synthetic  gravita¬ 
tional  fields  (such  as  centrifugal  fields)  that  are  much  more  powerful 
than  ordinary  gravity,  however,  can  play  an  important  role  in  fine  atom¬ 
ization.  Such  fields  are  encountered  with  the  spinning  disk  and  will  be 
discussed  later. 

As  the  rate  at  which  liquid  is  fed  to  the  hanging  drop  becomes  ap¬ 
preciable,  the  breakaway  is  no  longer  the  result  of  a  quasi-static  force 
balance.  Both  liquid  inertia  and  kinetics  then  play  an  increasing  role 
and  the  role  of  gravity  becomes  smaller. 

D.  Kinetic  Drop  Formation 

The  practical  application  of  the  atomization  process  requires  that 
droplets  be  produced  at  some  predetermined  rate.  This  means  that  liquid 
must  be  supplied  at  some  finite  rate  and  continuously  converted  into 
droplets.  The  kinetics  of  all  such  atomization  processes  involve  the 
following  sequential  steps,  although  any  specific  step  may  be  negligible 
or  absent  under  some  circumstances: 
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1.  The  extension  of  a  bulk  liquid  into  sheets,  jets,  films, 
or  streams  by  accelerating  the  liquid  in  some  prescribed 
manner  (as  through  a  nozzle  or  off  a  rotating  disk). 

2.  The  initiation  of  small  disturbances  at  the  liquid  surface 
in  the  form  of  local  ripples,  protuv  erances,  or  *aves. 

3.  The  formation  of  short  ligaments  on  the  liquid  surface 
as  the  result  of  fluid  pressure  or  shear  forces. 

4.  The  collapse  of  the  ligaments  into  drops  as  the  result 
of  surface  tension. 

5.  The  further  breakup  of  the  drop3  as  they  move  through 
the  gaseous  medium  by  the  action  of  fluid  pressure  or 
shear  forces. 

The  pendant  drop  previously  discussed  is  a  unique  case  for  which 
the  first  and  fourth  steps  alone  are  appreciable  at  negligibly  low  liquid 
rates.  For  this  case  only  a  balance  between  the  gravitational  field  and 
surface  tension  is  involved.  As  soon  as  fluid  rates  become  significant, 
fluid  inertia  plays  a  major  role,  together  with  any  of  the  other  forces 
arising  as  the  result  of  the  fluid  motion,  and  thos-e  forces  introduced 
to  achieve  fluid  motion  (such  as  pressure  and  shear).  The  last  step  in¬ 
volves  a  unique  limiting  situation  which  will  be  treated  separately 
in  the  next  se  tion. 

There  have  been  numerous  attempts  to  theoretically  analyze  the 
kinetics  of  the  atomization  process.  The  most  significant  early  work  is 
that  of  Rayleigh  (1878).  This  and  the  contemprrary  work  have  been  sum¬ 
marized  by  Putman  et  al.  (1957).  although  this  theoretical  work  has  been 
useful  in  understanding  the  atomizatior  process,  it  has  not  yet  provided 
a  quantitative  description  that  can  be  used  to  design  and  predict  per¬ 
formance  of  spray  systems.  Because  of  this  a  large  amount  of  experimental 
data  has  been  accumulated  in  the  form  of  empirical  correlations,  which 
will  be  considered  in  a  subsequent  section. 

Although  the  atomization  process  may  involve  all  five  specific  steps 
mentioned  above,  it  is  usually  possible  to  consider  the  atomization  in 
only  three  stages.  The  first  stage  is  that  in  which  the  fluid  is  brought 
to  a  point  of  initial  breakup  (and  would  comprise  a  combination  of 
Steps  1,  2,  and  3  above).  The  second  and  third  stages  would  comprise 
Steps  4  and  5,  respectively. 
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For  the  first  stage,  Miesse  (i955)  gives  the  following  relationship 
as  representative  of  the  distance  that  a  single  hydraulic  jet  travels  in 
stationary  gas  before  breakup  occurs: 

m.BD1/sui/apinp.i't 

L  .  - L - L — : - L_  ,  (4) 

pS/8al/2 
r  f  1 

The  actual  data  from  which  this  relationship  was  derived  showed  consider¬ 
able  scatter.  This  equation  can  be  written  in  a  dimensionless  form  as 
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For  the  standard  liuid  and  nozzle  properties  listed  in  Table  VI,  (L h/D >) 
would  range  from  43.4  to  102.8  for  velocities,  ujt  of  1000  and  10, 0C3  cm/sec, 
respectively,  according  to  this  relationship.  These  values  would  corre¬ 
spond  to  breakup  lengths,  Lh,  of  4.34  and  10.28  cm,  respectively. 

Miesse  ( 1955)  presents  the  following  relationship  for  the  maximum 
drop  size  produced  in  the  primary  breakup  of  a  jet  from  a  simple  hydraulic 
nozzle: 

23.5[1  ♦  0.0000168(0^^//^)] 

(DjPjUj/c-j) 1/3 


2  3.  5  [  1  ♦  0.0000168iV„(^] 
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(6) 


This  equation  is  based  on  limited  data  for  a  jet  discharging  into  atmos¬ 
pheric  air.  Other  data  for  discharge  into  air  at  high  pressures  showed 
somewhat  smaller  diameters  that  those  that  would  be  predicted  from  the 
above  equation;  data  on  injection  into  a  low  density  atmosphere  gave  a 
somewhat  larger  value  of  drop  size. 

The  third  atomization  stage  involves  the  secondary  atomization  of  drops 
produced  in  the  primary  breakup  of  the  jet.  This  will  be  discussed  in  the 
next  section.  The  overall  atomization  produced  by  the  effect  of  ail  of 
the  stages  will  be  discussed  in  the  section  on  bulk  liquid  atomization. 
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Doyle,  Mokler,  and  Perron  (1962)  have  derived  the  following  relation¬ 
ship  to  express  the  particle  site  to  be  expected  from  ultrasonic 
a tomi tat  1  on : 
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m  a 


'  DM 


~4nCD*ia,‘ 

.  V2  . 


(7) 


where  C D0  is  a  constant  that  measures  the  fraction  of  the  total  surface- 
wave  cone  height  decapitated  in  the  atomitation  process  and  Cfl-1  is  another 
constant  that  measures  the  retio  of  cone  height  to  diameter.  The  authors 
suggest  values  of  1/2  and  1  for  C DU  and  respectively. 

In  ultrasonic  atomization,  the  drop  size  is 
determined  primarily  by  the  frequency  of  the  os¬ 
cillation  imposed  on  the  liquid.  The  quantitative 
effect  of  frequency  in  determining  drop  size  is 
illustrated  by  the  accompanying  values  calculated 
from  Equation  7  for  the  atomization  of  water 
(cr ^  »  72  dynes/cm  and  Pt  a  1  g/cu  cm).  It  is  not 
the  intent  of  this  report  to  analyze  the  area  of 

ultrasonic  atomization  in  detail;  the  above  is  presented  only  as  a  basis 
for  comparison  with  other  atomization  techniques. 
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IV  SINGLE  DROP  BREAKUP 


When  a  droplet  is  moving  through  a  fluid,  there  will  be  imposed  on 
the  surface  of  the  drop  both  a  pressure  and  a  shear  distribution.  The 
integrated  result  of  both  of  these  is  usually  termed  total  drag  on  the 
droplet.  As  a  result  of  the  pressure  distribution,  the  drop  will  become 
deformed,  assuming  a  shape  such  that  surface  tension  will  compensate  for 
the  pressure  variations.  The  shear  will  induce  a  circulation  of  liquid 
within  the  drop,  and  as  a  result  of  this  circulation  the  pressure  dis¬ 
tribution  will  change.  If  the  pressure  variation  becomes  sufficiently 
great,  there  may  be  no  stable  shape  that  can  compensate  for  the  pressure 
variation,  and  the  drop  will  deform  indefinitely  (i.e.,  burst).  Many 
authors  [e.g.,  Mugele  (i960)]  have  indicated  that,  this  critical  condition 
is  achieved  when  the  drag  force  just  balances  that  of  surface  tension  or 
when 

-  CD(nD!p/4)(Pfuir/2)  -  tt D*p  .  (8) 

The  terms  may  be  rearranged  to  dimensionless  form  as  follows; 

*  8/Cc  .  (9) 

r  m  c  r 


where  the  subscript  "cr"  has  been  added  to  indicate  that  a  critical  con¬ 
dition  has  been  achieved.  The  first  term  is  the  Weber  number  based  on 
gas  density,  relative  velocity,  and  particle  diameter,  and  Equation  9  may 
be  written  as 


8  fCD 


(10) 


By  solving  for  Dp ,  Equation  9  may  be  used  to  estimate  the  maximum  drop 
size  which  is  stable  at  a  given  relative  velocity,  u. 
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By  solving  for  ur ,  the  critical  velocity  at  which  a  drop  of  site  will 
rupture  is  given  by 


Urcr  5  /B  a/C0PtDp  (12) 

Actually  Equation  8  (and  consequently  Equations  9-12)  cannot  be  derived 
on  a  rigorous  basis,  and  can  be  considered  only  a  crude  approximation. 
Equation  8  basically  assumes  that  the  droplet  is  spherical  and  that  the 
drag  is  all  a  form  (pressure)  drag  that  results  in  a  corresponding  in¬ 
crease  in  internal  drop  pressure.  Equation  8  is  basically  the  locus  of 
all  points  of  intersection  of  the  curves  for  equivalent  pressures  due  to 
drag  and  surface  tension  forces  shown  in  Fig.  4. 

In  the  actual  case  the  drop  will  deform  significantly  from  a  spherical 
shape  and  will  contain  induced  internal  circulations  long  before  the  un¬ 
stable  condition  is  reached.  Actually,  because  the  drag  coefficient  is 
usually  defined  in  terms  of  the  projected  area  of  a  sphere  having  the  same 
volume  as  the  drop  and  because  form  (pressure)  drag  is  usually  predominant, 
Equation  8  gives  a  better  approximation  than  might  otherwise  be  supposed. 

At  Reynolds  numbers  (Dpu|.p</^|)  greater  than  1000,  CD  is  approximately  0.4 
for  solid  spheres.  However,  when  CD  is  expressed  in  terms  of  the  pro¬ 
jected  area  of  an  equivalent  sphere,  it  is  found  to  range  predominantly 
from  0.8  to  1.1  for  drops  at  Reynolds  numbers  greater  than  1000  [Nottage 
and  Boelter  (1940),  Hughes  and  Gilliland  (1952)].  This  is  due  primarily 
to  the  greater  drag  force  resulting  from  the  drop  deformation  (flattening). 

Lane  (1951)  found  two  types  of  breakup  when  drops  were  exposed  to 
high  velocity  gas  streams.  The  first,  termed  "bag  breakup,"  was  en¬ 
countered  when  a  drop  was  exposed  to  a  jrsdually  increasing  gas  velocity. 
Under  those  conditions  the  drop  becomes  increasingly  flatter.  At  a 
critical  relative  velocity,  the  drop  is  blown  out  in  a  concave  manner  to 
form  a  hollow  bag  attached  to  a  roughly  circular  rim.  Bursting  of  this 
bag  produces  a  shower  of  very  fine  droplets,  while  the  rim,  which  contains 
at  least  70  percent  of  the  original  drop  mass,  breaks  up  later  into  larger 
drops.  The  second  type  of  breakup,  termed  "shear  or  stripping  breakup," 
was  encountered  when  the  drops  were  subjected  to  abrupt,  fast  (transient) 
air  blasts.  In  this  case  the  drops  presented  a  convex  surface  to  the  air 
flow,  the  diameter  of  the  surface  being  approximately  twice  that  of  the 
original  spherical  drop.  The  edges  of  this  saucer- shaped  surface  are 
first  drawn  out  into  a  thin  sheet,  then  into  filaments  that  collapse  to 
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form  fine  drops.  This  type  of  breakup  occurred  at  a  somewhat  lower 
average  velocity  than  that  encountered  with  bag  breakup. 

As  pointed  out  by  Rani  (1956),  the  critical  Weber  number  (Nw  )  , 

is  approximately  20  when  the  velocity  is  applied  slowly  (bag  breakup) 
and  13  when  the  velocity  is  applied  suddenly  (stripping  breakup)  as  in  a 
shock  front.  These  values  apply  as  long  as  the  viscosity  of  the  liquid 
is  low.  Hanson,  Dimoch,  and  Adams  (1963)  found  that  liquid  viscosity 
had  no  significant  effect  on  drop  breakup  by  gas  blasts  as  long  as  the 
kinematic  viscosity  was  less  than  10  centistokes.  In  the  range  of  10  to 
100  centistokes,  the  critical  velocity  for  breakup  is  increased  substan¬ 
tially  (e.g.,  70  percent  for  breakup  of  a  150-micron  diameter  drop  having 
a  kinematic  viscosity  of  1 00  centistokes).  At  the  high  kinematic  vis¬ 
cosity  the  effect  on  critical  velocity  becomes  greater  as  the  drop  size 
decreases.  These  studies  also  indicated  that  the  critical  gas  velocity 
for  drop  breakup  in  a  shock  tube  may  be  more  nearly  proportional  to  the 
cube  root  of  liquid  surface  tension  than  to  the  square  root  implied  by  a 
critical  Weber  number  (Equations  10  and  12).  They  suggest  that  breakup 
may  be  a  function  of  a  critical  value  of  the  product  of  Reynolds  and 
Weber  numbers 


For  liquids  with  kinematic  viscosities  of  10  centistokes  or  under,  they 
found  that  (IV-  )  ranged  from  9.6  to  15.9,  while  [Nt  |¥„  ]  ranged 

from  5040  to  8940.  For  liquids  with  kinematic  viscosities  of  50  to  100 
centistokes,  (/Vrej)  ranged  from  20.8  to  47.6,  while  [/Vf<  ,  p  t  lc  r  ranged 

from  13,700  to  29,400. 

Ranz  (1956)  indicates  that  atomization  ceases  because  of  liquid  vis¬ 
cosity  when  the  group  ^.p/DpPpcrp  is  greater  than  4.  This  group  is  the 
Ohnesorge  number,  NQhp. 

Hinze  (1955)  suggests  that  the  critical  Weber  number  for  a  high  vis¬ 
cosity  liquid  can  be  obtained  from  the  critical  Weber  number  for  low 
viscosity  liquids  by  multiplying  the  latter  by  a  correction  factor,  k^p, 
which  is  a  function  of  the  group  N0kp.  He  presents  graphical  data  for 
viscous  drops  suddenly  exposed  to  an  air  stream.  Those  data  can  be 
closely  approximated  by 
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Thus,  for  Dp  -  150  microns,  pp  =  100  cp,  p  ’  1  g/ru  cm,  "  72  dynes  cm, 
the  value  of  kup  =  1.9b.  This  would  correspond  to  a  10  percent  increase 
in  critical  breakup  velocity,  which  is  somewhat  less  than  that  reported 
by  Hanson  et  al.  (1963)  for  similar  conditions. 

In  an  experimental  investigation  of  aerodynamic  breakup  of  liquid 
drops,  Hanson  et  al.  ( 1 9o 3 )  found  that,  contrary  to  what  Lane  (1951)  ex¬ 
perienced,  bag  breakup  always  occurs  in  the  transient  case  as  well  as  in 
the  steady  case  except  when  the  gas  velocity  is  greatly  in  excess  of  the 
critical  value.  They  also  report  that,  with  some  drops  undergoing  bag 
breakup,  the  bag  develops  a  re-entrant  portion,  or  ‘‘stamen,’'  near  its 
middle,  which  increases  in  length  with  time  and  which  in  some  cases 
inverts  the  bag  before  breakup  occurs. 

The  above  provides  s< me  basis  for  predicting  under  what  conditions 
a  drop  will  undergo  breakup.  It  does  not,  however,  give  any  basis  for 
predicting  the  size  of  the  droplets  resulting  from  the  breakup.  Wolfe 
and  Anderson  (1964)  have  derived  the  following  relationship  for  the  aver¬ 
age  drop  size,  Dm v ,  resulting  from  the  further  aerodynamic  breakup  of  a 
drop  of  size  Pp  when  exposed  to  a  relative  velocity,  ur : 
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This  equation  may  be  rearranged  to  the  following  forms: 


5. U(pp/pg) Vi 
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The  derivation  of  this  relationship  involved  s  large  number  of  assump¬ 
tions  (drag  coefficient  assumed  as  unity;  specific  proportionality 
factors  assumed  in  establishing  fluid  sheet  thickness,  breakup  time, 
and  shear  stress;  aerodynamic  forces  assumed  lsrge  as  compared  with 
viscous  or  surface  tension  forces).  Based  on  an  initial  drop  diameter 
of  1  mm  and  the  fiuid  properties  specified  in  Table  VI,  D>t>  would  be 
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predicted  from  Equation  14  as  753  and  35.0  microns  for  relative  velocities, 
u r  ,  of  1,000  and  10,000  cm/sec,  respectively. 

Dickerson  and  Schuman  (1965)  exposed  a  single  drop  to  high  velocity 
(shock)  air  streams  and  measured  the  rate  of  change  of  the  drop  mass.  They 
reported  the  following  correlation’ 

Ut  3.53  *  10 -5Dl.J»u0.96p0.V0.9B^0.« 
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where  the  droplet  mass  loss  rate  has  been  expressed  as  an  equivalent  sur¬ 
face  regression  velocity,  u,  [defined  as  ( 1/2) ( dDp/dt )] ;  and  NKtp  and  N§,p 
are  Reynolds  number  and  Weber  number,  respectively,  based  on  drop  diameter, 
drop  properties,  and  relative  velocity.  The  apparent  regression  velocity 
was  obtained  from  the  rate  of  change  of  particle  mass.  The  latter  was  de¬ 
termined  from  observed  values  of  drop  velocity,  acceleration,  and  diameter 
as  a  function  of  time,  although  details  are  not  given.  It  appears  that 
this  determination  was  predicated  on  arbitrarily  assumed  d  g  coefficient 
relationships.  Since  these  themselves  wou'd  be  variar  le,  subject  to  the 
specific  distortions  exhibited  b  the  droplet,  the  vai.dity  of  such  a 
measurement  is  questionable.  The  test  conditions  involved  a  single  liquid 
(RP- 1-kerosene) ,  a  single  gas  (nitrogen),  and  two  gas  flow  rates  and 
densi ti es. 

Corcoran  (1960)  suggests  that  the  Bond  number  ^PfgLDp/crp),  previously 
introduced  by  Bond  and  Newton  (1928)  in  connection  with  the  rate  of  rise 
of  bubbles  in  liquids,  would  give  a  better  criterion  for  the  breakage  of 
an  accelerating  drop  than  would  the  Weber  number.  The  Bond  number  is 
essentially  the  ratio  of  hydrostatic  pressure  in  a  drop  to  surface  tension 
pressure.  While  this  may  be  applicable  for  the  breakup  of  very  large 
drops  V>  1  mm),  it  is  unlikely  that  the  Bond  number  is  applicable  to  fine 
atomization.  The  Bond  number  could  also  apply  to  cases  in  which  accel¬ 
eration  is  due  to  forces  other  than  gravity,  by  replacing  "  gL  '*  with  “a.” 
Normally,  however,  any  drop  acceleration  will  actually  be  a  drop  decel¬ 
eration  due  to  the  action  of  drag  forces.  In  that  case  the  Bond  number 
would  be  reduced  to  a  combination  of  the  Weber  and  Reynolds  numbers. 
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V  BULK  LIQUID  ATOMIZATION 


It  is  the  purpose  of  this  section  to  present,  summarize,  and  evaluate 
the  available  knowledge  on  the  continuous  atomization  of  bulk  liquids  by 
a  variety  of  mechanical  processes.  For  convenience  these  data  have  been 
grouped  into  categories  similar  to  those  outlined  in  lable  I:  hydraulic, 
pneumatic,  and  rotary.  Because  of  the  extensive  data  available  on  hydrau¬ 
lic  techniques,  these  have  been  further  subdivided  into  three  classes: 
simple  jets,  impinging  jets,  and  swirl  jets.  Table  II  gives  a  summary  of 
all  the  investigations  covered  together  with  the  range  of  conditions  em¬ 
ployed  by  each  investigator. 

The  data  on  hydraulic,  pneumatic,  and  rotary  techniques  are  presented 
in  Tables  III,  IV,  and  V,  respectively.  Table  III  is  split  into  three 
parts  (A,  B,  and  C)  to  cover  each  one  of  the  three  classes  of  hydraulic 
techniques. 

The  considerations  involved  in  presenting  and  analyzing  these  data 
are  presented  below  together  with  a  discussion  of  their  overall  signifi¬ 
cance  and  use. 

A.  Manner  of  Data  Presentation 

In  making  an  analysis  of  atomization  data  it  would  be  desirable  to 
summarize  and  compare  all  available  basic  experimental  data.  This  is, 
however,  difficult  for  three  reasons:  (1)  most  literature  reports  of 
investigations  do  not  present  basic  data  in  a  sufficiently  complete  fora 
to  permit  direct  comparison  with  other  data;  (2)  the  available  data  are 
so  extensive  that  a  reconsideration  of  individual  data  points  would  be  a 
monumental  task;  and  (3)  many  data  could  not  be  compared  directly  because 
of  intangible  or  intrinsically  irreconcilable  differences  in  aethods  of 
operation  or  measurement.  Therefore,  instead  of  comparing  specific  data, 
the  various  correlations  of  data  that  have  been  presented  in  the  litera¬ 
ture  have  been  summarized.  The  results  of  other  inveatigations  that  were 
not  extended  to  the  point  of  a  correlation  have  been  used  only  to  establish 
specific  points.  Because  of  the  extenaivenesa  of  the  literature  it  was  not 


possible  to  be  comprehensive.  However,  it  is  believed  that  all  of  the 
more  important  investigations  have  been  covered. 

Each  correlation  was  presented,  where  possible,  in  three  formats. 

The  first  was  a  direct  equation  relating  average  particle  site  to  geomet¬ 
ric  and  operating  variables,  the  relationship  being  presented  in  a 
standardized  nomenclature  but  in  a  form  as  near  to  that  used  by  the 
author  as  possible.  In  the  second  format,  the  equation  was  manipulated 
into  a  generalized  dimensionless  form.  The  basis  for  this  format  will 
be  discussed  below.  In  the  third  format,  values  of  average  particle 
diameter  were  calculated  from  each  correlation  for  arbitrarily  chosen 
standard  fluid  and  nozzle  properties  and  for  t»o  *elocity  levels,  Thes<» 
standard  properties  are  specified  in  Table  VI  and  approximate  a  reason¬ 
able  representation  of  practical  ranges  of  operating  conditions. 

The  first  format  gives  a  direct  representation  of  the  importance  of 
each  geometric  or  operating  variable  on  average  particle  size.  The  second 
format  is  an  attempt  to  provide  a  generalized  comparison  of  the  correla¬ 
tions  on  a  mechanistic  basis.  The  last  format  provides  a  direct  simple 
comparison  of  what  each  correlation  would  predict  for  a  specific  practical 
operating  condition. 

B.  Expanded  Relationship 

In  the  expanded  relationship  the  original  format  of  the  correlation 
presented  by  the  author  has  been  preserved  insofar  as  possible.  In  some 
cases  algebraic  substitutions  of  equivalent  quantities  have  been  made. 

In  cases  where  correlations  have  been  given  by  the  author  in  terms  of 
pressure  drop,  this  fact  has  been  retained.  However,  in  those  cases,  an 
additional  conversion  in  terms  of  velocity  is  also  shown.  This  conver¬ 
sion  involves  a  direct  algebraic  substitution  of  equivalent  quantities. 

In  a  few  cases  the  author  presented  a  complex  mathematical  correla¬ 
tion  that  would  not  lend  itself  to  manipulation  into  the  "Generalized 
Format."  In  most  of  these  cases  it  was  apparent  that  a  simple  exponen¬ 
tial  format  would  have  fitted  their  data  just  as  well.  In  those  cases 
this  alternative  equivalent  correlation  was  given  even  though  that  for¬ 
mat  was  not  presented  by  the  author.  The  degree  of  equivalence  to  (or 
discrepancy  from)  the  authors’  original  equation  can  be  assessed  by  com¬ 
paring  the  particle  size  values  predicted  lrom  each  equation  for  the 
standard  conditions. 
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In  many  cases  the  authors  have  introduced  variables  into  their  cor¬ 
relations  which  they  did  not  actually  vary.  In  some  cases  this  was  justi¬ 
fiable  on  grounds  of  dimensional  reasoning;  in  other  '-ases  it  was  completely 
arbitrary  and  unjustified.  in  all  cases  the  expanded  relationship  is 
given  as  reported  by  the  authors,  and  no  attempt  has  been  made  to  remove 
irrelevant  or  unjustifiable  variables.  In  many  cases  ;  t  was  i mposs i b I e  to 
make  such  a  decision  on  the  basis  of  the  material  presented.  In  a  few 
cases,  the  author  left  out  a  variable  because  he  actually  varied  it  and 
found  that  it  had  no  significant  effect.  In  those  cases  that  variable 
has  been  identified  in  the  expanded  relationship  by  an  exponent  of  zero. 

Some  investigators  [Kuznetsov  and  Tslaf  (1957),  and  Tanasawa  and 
Toyoda  (1955/(1956)]  have  arbitrarily  i nt roduced  a Froude  number  into  their 
correlations.  However,  they  did  not  vary  the  force  field,  gt  ,  and  covered 
an  insufficient  range  in  the  other  variables  to  either  establish  or  dis¬ 
prove  the  role  of  the  Froude  number.  It  is  difficult  to  conceive  that 
gravity  could  have  any  significant  cff;ct  as  compared  to  the  effects  of 
other  forces  over  most  of  the  ranges  covered. 

In  some  cases  semantic  pioblems  and  presumed  typographical  errors 
could  not  be  resolved — these  are  noted  in  the  tables.  A  major  inconsis- 
tancy  in  the  comparisons  is  the  method  of  expressing  average  particle  size. 
Most  investigators  used  the  Sauter  mean  diameter,  C3,,  for  expressing 
average  particle  size;  several  used  volume  (or  mass)  median  diameter; 
and  some  used  a  variety  of  averages  or  did  not  specify  which  average  was 
used.  Since  sufficient  data  is  rarely  given  on  size  distribution,  it 
was  not  possible  to  convert  average  size  to  a  consistent  comparable  basis. 
Instead,  the  type  of  average  reported  by  each  investigator  is  indicated 
in  the  tables.  As  a  rule,  the  volume  or  mass  median  diameter  will  be 
larger  than  any  other  common  average  diameter.  The  Sauter  diameter  will 
be  somewhat  smaller  (say  30  to  50%  smaller  for  most  practical  conditions). 
Linear  average  diameter  or  number  median  diameters  can  be  very  much  smaller 
than  either  the  Sauter  or  mass  median  diameter. 

It  should  be  recognized  that  particle  size  analysis  is  still  very 
much  of  an  art.  When  applied  to  sprays,  the  added  problem  of  representa¬ 
tive  sampling  may  introduce  major  additional  errors,  especially  for  the 
larger  particles.  Problems  of  evaporation  can  lead  to  major  errors  in 
reporting  the  finer  particles.  Thus  the  question  of  obtaining  a  repre¬ 
sentative  abaolute  size  analysis  is  one  which  compounds  the  problem  of 
type  of  average  size  specified. 
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Sampling  a  spray  for  analysis  involves  many  difficulties.  Direct 
sampling  poses  problems  of  both  withdrawing  a  representative  sample  of 
drops  and  maintaining  the  drops  unchanged  (i.e,,  without  deposition  of 
the  larger  particles  on  the  sampler  wails).  While  in  situ  measurements 
(as  by  direct  photography)  can  avoid  the  direct  errors  from  sampling,  they 
may  introduce  a  more  subtle,  and  often  unrecognized,  error.  There  are 
basically  two  types  of  tn  situ  measurements:  (1)  measurement  of  particles 
or  drops  existing  at  a  given  instant  in  a  volume  of  gas;  (2)  measurement 
of  particles  or  drops  passing  through  a  given  plane.  These  two  measure¬ 
ments  will  yield  the  same  result  only  if  the  velocities  of  all  the 
particles  are  the  same  in  magnitude  and  direction  (and  if  one  ignores  any 
separate  problems  that  can  arise  as  the  result  of  spatial  variations  in 
size  distribution).  In  the  general  case  it  is  necessary  to  have  a  knowl¬ 
edge  of  the  velocity  of  each  particle  in  addition  to  a  knowledge  of  its 
size  if  one  wishes  to  convert  from  one  type  of  tn  situ  measurement  to 
another.  To  establish  the  nature  of  the  spray  produced  by  a  given  nozzle, 
it  is  necessary  to  make  a  measurement  of  the  second  type.  For  this  pur¬ 
pose  a  measurement  of  the  first  type  would  yield  a  size  distribution  which 
is-  biased  toward  the  slower  moving  particles.  Some  investigators,  however, 
have  used  a  measurement  of  the  first  type  and  assumed  it  to  be  representa¬ 
tive  of  the  spray  produced.  A  measurement  of  the  first  type  yields  the 
actual  distribution  of  sizes  existing  in  a  volume  and  would  be  the  desired 
measurement  for  defining  cloud  or  plume  properties  or  for  expressing 
phenomena  that  some  other  entity  (body,  wave,  or  beam)  would  experience 
when  passing  through  the  space  at  speeds  high  compared  to  those  of  any 
of  the  particles. 

C.  Generalized  Format 

The  degree  of  atomization  achieved  by  the  various  mechanisms  can  be 
expressed  in  the  following  form,  as  developed  in  Appendix  A  from  dimen¬ 
sional  considerations: 


•  I' 


For  hydraulic  and  pneumatic  nozzles, 

«../*/>  ■  */*!., 

For  rotary  or  spinning  disk  atomizers, 

(B../D,)  ■  -  k/1 


(17) 


(18) 
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Here  tlie  dimensionless  numbers  are  based  on  liquid  properties,  a  charac¬ 
teristic  dimension,  and  the  relative  velocity  between  the  liquid  and  the 
gas  into  which  it  is  atomized  (or  disk  tip  velocity  in  the  case  of  a 
spinning  disk). 

In  Appendix  A  it  is  shown  that,  if  the  atomization  is  not  influenced 
by  gravitational  or  compressibility  effects,  then  k  will  include  only 
effects  associated  with  relative  properties  of  the  gas  phase  and  nozzle 
geometry.  Gravitational  effects  could  be  significant  only  at  very  low 
relative  velocity  and  for  large  drops.  With  spinning  disks  the  centrif¬ 
ugal  effect,  which  is  the  counterpart  of  the  gravitational  effect  with 
hydraulic  and  pneumatic  nozzles,  is  important.  However,  for  that  rase 
the  equivalent  Froude  number  is  not  an  independent  variable,  and  the 
centrifugal  effect  may  be  allowed  for  by  the  combination  of  any  of  the 
other  pairs  of  dimensionless  groups,  such  as  Reyn-ld*  and  Weber  numbers. 
Compressibility  should  be  a  factor  only  in  the  case  of  high  pressure  pneu¬ 
matic  atomizers.  Since  there  is  little  reaso.i  to  believe  that  gas  viscos¬ 
ity  will  play  any  major  role  (except  possibly  for  very  fine  drops),  the 
factor  k  can,  for  the  most  part,  be  expected  to  include  only  a  measure  of 
nozzle  geometry  and  of  the  density  of  the  gas  relative  to  that  of  the 
liquid  in  hydraulic  or  spinning  disk  atomizers.  With  pneumatic  atomizers, 
the  term  k  would  also  include  a  measure  of  the  loading  ( liquid-to-gas  ratio) 
a, id  of  compressibility  at  the  high  air  pressures. 

In  order  to  provide  a  common  basis  for  comparing  the  correlations 
proposed  by  the  various  investigators,  each  relationship  he ?  been  manip¬ 
ulated  into  the  form  dictated  by  Equations  17  and  18.  There  are,  in 
general,  many  ways  in  which  the  correlations  can  be  manipulated  depending 
on  which  terms  are  to  be  excluded  from  k.  The  procedures  governing  these 
algebraic  transformations  are  given  in  Appendix  A.  If  all  the  investiga¬ 
tors  had  covered  all  the  variables  without  errors  in  any  of  the  measure¬ 
ments,  all  such  transformations  should  yield  the  same  final  format  (or 
multiple  formats).  Actually,  most  investigators  did  not  vary  all  the 
factors  reported  aa  variables  and  they  probabl y  had  some  inherent  errors  in 
their  measurements.  In  addition,  many  investigators,  on  the  bases  of  an 
arbitrary  opinion,  introduced  quantities  that  were  not  varied  into  their 
correlations.  Since  the  quantity  (or  its  equivalent  in  terms  of  dimen¬ 
sional  analysis)  was  not  varied,  there  exists  no  basis  for  establishing 
the  validity  of  such  an  arbitrary  introduction.  This  is  especially  true 
in  some  of  the  Russian  literature  where  the  Froude  number  is  given  great 
prominence  for  no  apparent  reason. 
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In  making  a  transformation  to  a  common  format,  it  is  reasonable  to 
concentrate  on  those  quantities  which  were  varied  most  widely.  Surface 
tension  was  rarely  varied  over  more  than  a  threefold  range  (from  25 
dynes/cm  for  hydrocarbons  to  72  dynes/cm  for  water)  since  there  are  but 
few  data  on  molten  metals  or  mercury,  for  which  surface  tension  is  upwards 
of  400  dynes/cm.  Fluid  velocity  and  viscosity  lend  themselves  to  the 
greatest  variations.  Nozzle  size  could  also  be  varied  widely,  but  prac¬ 
tical  considerations  often  dictated  a  range  of  less  than  threefold.  Many 
investigators  also  tended  to  change  geometry  whenever  they  changed  size. 

In  actually  making  the  transformations  to  the  common  format,  various 
bases  were  used  for  the  results  of  the  different  investigators.  While  an 
attempt  was  made  to  choose  the  most  widely  varied  quantities  as  the  basis 
for  the  transformation,  this  was  often  not  feasible  because  the  author 
did  not  cover  a  reasonably  wide  range,  did  not  specify  his  range,  or 
varied  his  geometry  in  the  process.  In  any  event,  the  actual  basis  used 
is  indicated  in  Tables  1 1 1  - V ,  and  in  many  cases  the  transformation  was 
made  on  more  than  one  basis. 

In  transforming  from  the  expanded  relationship  to  the  generalized 
format  for  hydraulic  and  pneumatic  nozzles,  the  velocity  term  in  the 
generalized  format  was  based  on  the  rel  tive  velocity,  ur  .  For  each 
type  of  nozzle  the  definition  of  ur  given  in  the  table  of  nomenclature 
was  adhered  to.  For  rotary  (spinning  disk)  atomizers,  the  velocity  term 
in  the  generalized  format  was  taken  as  the  tip  speed  of  the  rotor,  ud, 
which  comes  close  to  being  the  actual  relative  velocity  between  liquid 
and  ga 3  in  most  cases.  With  a  vaned  rotor  the  actual  relative  velocity 
will  be  somewhat  larger  than  ud  due  to  any  additional  radial  component 
resulting  from  the  liquid  flow.  With  a  nonvaned  rotor,  the  actual  rela¬ 
tive  velocity  may  be  less  than  ud  because  of  slippage  between  the  fluid 
being  atomized  and  the  disk  surface. 

One  might  conclude  that  the  moat  reliable  investigation  is  one  which 
yields  the  same,  or  reaches  the  same,  final  result  when  transformed  to 
the  generalized  format  on  several  different  bases.  This  would  be  true 
if  tne  investigator  had  actually  varied  all  the  variables  independently 
in  the  experimental  work.  In  most  cases,  however,  this  was  not  done  and 
the  correlation  includes  quantities  that  were  not  varied,  these  quantities 
having  been  introduced  on  the  basis  of  dimensional  reasoning  similar  to 
that  used  in  Appendix  A.  In  those  cases,  of  course,  agreement  between 
varioua  baaea  of  transformation  is  preassured. 
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D.  Particle  Size  Prediction 

The  standard  properties  and  conditions  were  selected  as  unit  powers 
of  ten.  This  was  done  to  permit  easy  extrapolation  of  the  specific  values 
given  to  any  other  *' !  u  i  d  property  or  condition  by  reference  to  the  ex¬ 
ponential  variation  for  that  property  or  condition  shown  in  the  first 
format . 

The  fluid  and  nozzle  properties  specified  in  Table  V!  are  common  to 
all  correlations.  Two  velocity  levels  were  chosen  fcr  all  predictions, 

1000  and  10,000  cm/sec.  Table  VI  also  gives  the  value  of  various  dimen¬ 
sionless  groups  and  other  quantities  corresponding  to  these  velocities 
and  to  the  standard  fluid  and  nozzle  properties.  Because  some  authors 
introduced  additional  factors  into  their  correlations,  it  was  necessary 
to  set  additional  specifications  for  those  cases.  These  additional  spec¬ 
ifications  are  given  in  the  summary  tables  (III,  IV,  and  V)  for  those 
investigations  where  they  were  needed. 

For  those  cases  where  correlations  have  been  presented  by  the  author 
in  terms  of  pressure  drop,  the  conversion  from  pressure  drop  to  velocity 
involved  the  terms  N  and  N  ,  as  defined  by  the  table  of  nomenclature. 

The  term  /V^ f  is  a  measure  of  the  effectiveness  with  which  pressure  energy 
(pressure  drop)  is  converted  into  kinetic  energy  of  liquid  relative  to 
the  gas  into  which  the  liquid  is  ejected.  This  value  will  usually  be 
close  to  unity  for  all  nozzles,  differing  therefrom  only  because  of  wall 
friction  losses  in  the  nozzle.  Any  losses  will  result  in  a  value  of  jVkr 
that  is  larger  than  unity.  The  term  Nv]  relates  pressure  energy  to  kinetic 
energy  as  defined  by  u^.  for  stationary  axial  flow  nozzles,  NyJ  will  be 
identical  with  N  ,  and  both  will  be  close  to  unity.  For  cases  where  u 
is  not  an  actual  velocity  (as  with  swxrl  nozzles),  NU)  may  differ  radi¬ 
cally  from  S>r.  For  a  swirl  nozzle  for  example,  /V  will  probably  be  of 
the  order  of  10,  ranging  from  4  to  20  (the  greater  the  relative  magnitude 
of  the  tangential  velocity  component,  the  larger  Nt/)-  To  show  what  effect 
such  a  difference  in  N  would  have  the  size  prediction  in  the  case  of 

v ; 

several  correlations  has  been  given  for  assumed  values  of  Nyj  of  both 
1  and  10.  It  should  be  noted,  however,  that  is  a  specific  number 
which  is  determined  primarily  by  the  geometry  of  the  nozzle  and  is  not 
subject  to  arbitrary  choice.  In  those  cases  where  N*.  appears  in  an 
author’s  correlation,  it  should  probably  be  replaced  with  the  actual 
value  applying  to  tost  author's  nozzle  geometry  for  all  equations  that 
are  expressed  in  terms  of  uf. 
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In  presenting  the  site  predictions,  the  calculations  have  been  based 
on  the  expanded  relationship  presented  by  the  author.  The  same  predicted 
site  is  obtained  if  the  calculation  is  based  on  the  generalized  format, 
provided  those  variables  comprising  the  “  A"  term  are  also  given  the  values 
specified  in  Table  VI. 

An  alternative  method  of  prediction  is  possible,  which  consists  of 
treating  the  "It*'  term  as  a  constant  on  the  grounds  that  the  “A"  term 
should  be  a  constant  and  that  the  remaining  variables  in  the  "A"  term 
reflect  inherent  errors  in  the  author’s  correlations  or  measurements.  As 
•»as  previously  indicated,  this  independence  of  A  of  other  variables  is  a 
reasonable  postulate,  with  the  exception  of  any  variable  that  might  re¬ 
flect  the  effect  of  gas  density  To  obtain  the  “  constant"  value  of  A  it 
is  necessary  to  substitute  for  all  variables  comprising  A  in  the  general¬ 
ized  format  the  average  value  of  each  variable  during  the  author's  inves¬ 
tigation.  This  value  of  A  would  then  be  treated  as  a  constant  in  making 
any  size  predictions  for  other  conditions.  Such  a  method  would  probably 
yield  a  somewhat  better  value  for  the  predicted  sizes;  it  was  not  done 
here  because  of  the  difficulty  of  assessing  representative  average  values 
for  variables  in  some  of  the  investigations. 

E.  Miscellaneous  Data  and  Comments 

It  is  generally  agreed  that  gas  viscosity  has  little  effect  on  the 
atomization  process.  The  data  of  Popov  (1956)  are  especially  conclusive 
on  this  score,  since  he  varied  his  gas  viscosity  from  that  of  neon 

=  0.0311  cp)  to  that  of  acetylene  (/z^  *  0.0102  cp)  and  found  that 
drop  size  varied  as  the  0.08  power  of  gas  viscosity  (power  ranged  from 
0.045  to  0.12)  Considering  that  gas  viscosity  cannot  normally  be  varied 
by  more  than  a  threefold  range  in  practice,  the  variation  of  drop  3ize 
due  to  gas  viscosity  cannot  be  over  10  percent. 

De  Corso  (I960)  reports  that,  for  swirl  nozzles  discharging  into  a 
tank,  the  particle  size  lDJ2)  obtained  is  a  minimum  at  a  tank  pressure 
of  approximately  1  atm,  as  shown  below: 

Value  of  Dj  2 ,  microns 
_ for  Tank  Pressures _ 

*•*  »»«•* 

25  206.5 

100  106.6 
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150 

75.2 


213 

109.9 
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De  Corso  explains  this  on  the  grounds  that  the  coalescence  of  fine  drops 
increases  at  the  highest  tank  pressure  because  the  spray  is  also  confined 
to  a  smaller  volume  at  the  high  pressure.  It  should  be  noted,  however, 
that  the  spread  in  mean  particle  site,  Djj*  over  the  entire  t;.nk  pressure 
range  is  only  +20  percent.  Dombrowski  and  Hooper  (1962;  also  report  a 
similar  trend  of  particle  site  tank  pressure  for  impingi ng- jet 

nozzles.  In  their  case  the  spread  in  particle  size  was  only  1:8  percent 
over  the  entire  pressure  range  (28  in.  Hg  vacuum  to  300  psig)  with  the 
minimum  size  occurring  at  a  tank  pressure  of  10  atm. 

Nelson  and  Stevens  (1961)  reported  no  effect  on  atomization  when  the 
nitrogen  atmosphere,  into  which  a  swirl  nozzle  sprayed,  was  replaced  with 
helium.  They  also  reported  that  a  smoother  nozzle  gave  a  somewhat  finer 
spray . 

Bitron  (1955)  is  the  only  investigator  who  reports  specific  data  on 
pneumatic  atomization  at  supersonic  velocities.  Others  [such  as  Wigg 
(I960)]  may  have  operated  at  supersonic  velocities  but  did  not  distinguish 
this  fact  in  reporting  their  data.  Bitron  (1955),  atomizing  dibutyl 
phthalate  with  an  external  mix  pneumatic  atomizer  (in  which  the  air  nozzle 
consisted  of  a  de  Laval  nozzle),  reported  that  the  Sauter  mean  diameter, 
Dj,,  agreed  within  15  percent  of  values  predicted  from  the  Nukiyama- 
Tanasawa  (1939)  equation  at  Mach  numbers  up  to  2.  It  should  be  noted 
that  his  velocity  increase  was  attained  by  going  to  a  higher  nozzle  inlet 
gas  pressure,  rather  than  discharging  into  a  lower  downstream  pressure. 

His  data  are  summarized  below. 


HUN  NUMBER 

1 

2 

3  1 

4 

5 

Nettle  dimensions,*  mm 

M 

Throat  diameter 

2.72 

2.77 

BS9 

2.86 

2.94 

Mouth  diameter 

2.84 

3.05 

mm 

3.46 

3.83 

Upstream  air  pressure,  atm,  aba. 

3 

4 

5 

6 

8 

Air  flow  rate,  g/sec 

3.6 

4.8 

6.0 

7.2 

9.6 

Liquid  flow  rate,  mg/sec 

3.3 

4.4 

5.5 

6.6 

8.8 

Exit  air  velocity  from  nottle,  m/sec 

520 

570 

620 

680 

Air  temperature,  °C 

Upstream 

145 

170 

20C 

245 

Mouth  (calculated) 

8 

7 

7 

11 

13 

Sauter  mean  diameter,  fijj,  microns 
Measured^ 

mm 

m 

i 

| 

ra 

7.3 

(8.6) 

Calculated  [Nukiyama>Tanaaawa  (193V) 

KB 

IB 

5.3 

!  4-8  j 

Coavargeat  co««  angle  wan  18°,  divergent,  5°;  Nettle  disrnargod  to  atmosphere  in  ail  canon 

^  Valvae  in  parentheses  include  single  conspicuously  largo  drops  (2$  to  42  nicrooal  that 
vtr«  if»or«4  ii  otlur  vain ••  givia. 
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F.  Discussion 


It  is  generally  agreed  that  in  a  qualitative  sense  all  the  atomiza¬ 
tion  mechanisms  are  similar  for  the  various  types  of  mechanical  atomizers 
at  the  high  capacities  or  velocities  usually  used  for  fine  atomization 
(i,e.,  once  the  region  where  gravitational  effects  are  predominant  is 
passed).  There  are,  however,  some  basic  differences  between  the  various 
types  of  atomizers  aside  from  specific  differences  in  geometry.  In  the 
hydraulic  (and  rotary)  nozzles,  the  liquid  jet  is  accelerated  back  toward 
the  liquid  nozzle  by  the  drag  of  the  gas  into  which  the  liquid  is  ejected. 
In  pneumatic  nozzles  the  liquid  is  accelerated  away  from  the  liquid  nozzle 
by  the  gas  drag.  Therefore,  one  might  expect  that  recombination  of  drops 
might  be  less  significant  with  pneumatic  nozzles  than  with  hydraulic  noz¬ 
zles.  With  hydraulic  nozzles  turbulence  is  introduced  through  the  liquid 
stream,  thence  by  the  liquid  to  the  ambient  gas.  In  pneumatic  nozzles, 
turbulence  is  introduced  through  the  gas  stream  even  though  it  would  be 
possible  to  introduce  it  through  the  liquid  stream  as  well. 

Since  the  correlations  for  all  types  of  atomizing  nozzles  are  ex¬ 
pressed  in  terms  of  relative  l  iquid- tc-gas  velocities,  one  might  expect 
the  correlations  to  be  directly  comparable.  If  atomization  mechanisms 
were  the  same,  one  might  even  expect  all  the  relations  to  be  similar 
except  for  geometric  factors.  Factors  such  as  those  indicated  above, 
however,  can  produce  basic  differences  in  mechanism  and  hence  differences 
in  the  nature  of  the  relationships  between  the  various  types  of  atomiz¬ 
ing  devices. 

In  Tables  III-V  the  degree  of  agreement  between  the  results  of  var¬ 
ious  investigators  can  be  seen  most  readily  by  either  of  two  approaches: 

(1)  by  comparing  the  exponents  on  specific  variables  in  the  expanded 
relationship  for  mean  particle  diameter  or  (2)  by  comparing  the  size 
predicted  from  each  correlation  at  standard  conditions  (given  in  the  two 
columns  just  preceding  the  '‘Remarks'*  column).  Table  VII  has  been  pre¬ 
pared  to  provide  a  more  convenient  comparison  of  exponents  by  summarizing 
the  exponents  for  each  of  the  more  important  variables. 

From  Table  VII  it  is  apparent  that  the  effect  of  the  variables  in¬ 
dicated  by  the  various  i .^estigators  differs  greatly  even  to  the  extent 
of  showing  opposite  trends  (reversed  sign  of  exponent).  Part  of  this 
discrepancy  is  fictitious  due  to  the  fact  that  the  experimenter  did  not 
actually  vary  a  term  but  arbitrarily  introduced  it  into  his  correlation 
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De  Gorso  explains  this  on  the  grounds  that  the  coalescence  of  fine  drops 
increases  at  the  highest  tank  pressure  because  the  spray  is  also  confined 
to  a  smaller  volume  at  the  high  pressure.  It  should  be  noted,  however, 
that  the  spread  in  mean  particle  size,  Di2’  ovcr  the  entire  tank  pressure 
range  is  only  ±20  percent.  Dombrowski  and  Hooper  (1962)  also  report  a 
similar  trend  of  particle  size  (D32)  with  tank  pressure  for  1 mpi ngi ng- jet 
nozzles.  In  their  case  the  spread  in  particle  size  was  only  ±8  percent 
over  the  entire  pressure  range  (28  in.  Hg  vacuum  to  .100  psig)  with  the 
minimum  size  occurring  at  a  tank  pressure  of  10  atm. 

Nelson  and  Stevens  (1961)  reported  no  effect  on  atomization  when  the 
nitrogen  atmosphere,  into  which  a  swirl  nozzle  sprayed,  was  replaced  with 
helium.  They  also  reported  that  a  smoother  nozzle  gave  a  somewhat  finer 
spray . 

Bitron  (1955)  is  the  only  investigator  who  reports  specific  data  on 
pneumatic  atomization  at  supersonic  velocities.  Others  [such  as  Wigg 
(I960)]  may  have  operated  at  supersonic  velocities  but  did  not  distinguish 
this  fact  in  reporting  their  data.  Bitron  (1955),  atomizing  dibutyl 
phthalate  with  an  external  mix  pneumatic  atoaizer  (in  which  the  air  nozzle 
consisted  of  a  de  Laval  nozzle),  reported  that  the  Sauter  mean  diameter, 
D32,  agreed  within  15  percent  of  values  predicted  from  the  Nukiyama- 
Tanasawa  (1939)  equation  at  Mach  numbers  up  to  2.  It  should  be  noted 
that  his  velocity  increase  was  attained  by  going  to  a  higher  nozzle  inlet 
gas  pressure,  rather  than  discharging  into  a  lower  downstream  pressure. 

His  data  are  summarized  below. 


RUN  NUMBER 

”T1 

2 

_ i _ 

4 

5 

Nozzle  dimensions,*  mm 

■1 

■ 

Throat  diameter 

B9 

2.77 

s39 

2.86 

2.94 

Mouth  diameter 

Hi 

3.05 

HI 

3.46 

3.83 

Upatream  air  pressure,  atm.  aba. 

3 

4 

5 

6 

8 

Air  flow  rata,  g/aec 

3.6 

4.8 

6.0 

7.2 

9.6 

Liquid  flow  rate,  mg/sec 

3.3 

4.4 

5.5 

6.6 

8.8 

Exit  air  velocity  from  notzle,  m/aec 

460 

520 

570 

620 

680 

Air  temperature,  °C 

Upatream 

145 

170 

200 

245 

Mouth  (calculated) 

8 

7 

7 

11 

13 

Sauter  mean  diameter,  Ojj-  microna 
Measured* 

mam 

mam 

B 

B 

EH 

7.3 

(8.6) 

■ 

■HB1 

Calculated  [Nukiyama-Tanasawa  (1939). 

Ha 

LlL 

5.3 

L±U 

Convargent  con*  angla  «•«  18°.  divargant,  S°;  Noitla  discharged  to  atmosphere  in  nil  canna 

*  Valuta  in  parentheses  iacludt  aingla  conspicuously  larpa  draft  (25  tc  42  aicroaa)  that 
vara  igaorad  ia  othar  valuta  giva*. 
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r»s  a  variable.  This  is  common  for  gas  density  and  viscosity.  Liquid 
density  and  surface  tension  can  usually  be  varied  over  only  a  threefold 
range,  that  is,  unless  molten  salts  or  metals  are  used.  Practical  con¬ 
siderations  may  also  limit  variations  in  nozzle  size.  Most  i nvesti jators , 
however,  could  and  did  vary  velocity  widely.  Even  here  a  wide  discrepancy 
is  apparent,  even  within  specific  types  of  atomizers. 

By  comparing  the  size  predicted  for  each  correlation  at  each  of  two 
velocity  levels  in  Tables  Ill-V,  it  is  apparent  that  the  agreement  is  at 
best  within  a  twofold  to  threefold  range — some  values  varying  by  as  much 
as  a  factor  of  over  ten  at  a  given  velocity  level.  Part  of  this  lack  of 
agreement  may  reflect  the  fact  that  the  correlation  did  not  cover  all  the 
variables,  and  hence  the  correlation  cannot  be  extrapolated  safely.  How¬ 
ever,  this  effect  should  be  minimal,  since  the  standard  conditions  were 
chosen  such  that  they  would  be  close  to  or  within  the  range  of  conditions 
used  by  most  of  the  investigators.  The  one  exception  is  the  standard 
surface  tension  which  was  chosen  as  a  round  100  dvnes/cm,  a  value  somewhat 
higher  than  would  correspond  to  the  surface  tension  of  the  liquids  used 
by  most  investigators.  However,  since  mean  drop  size  at  most  would  appear 
to  be  a  square  root  function  of  surface  tension,  this  difference  in  sur¬ 
face  tension  values  could  not  account  for  ever  »  twofold  spread  in  the  data. 

It  is  likely  that  a  large  part  of  the  differences  between  investiga¬ 
tors  may  be  attributed  to  problems  in  obtaining  reliable  drop  size  mea¬ 
surements.  Considering  the  combined  problems  of  representative  sampling, 
possible  evaporation,  drop  collection  (where  applicable),  actual  size 
measurement,  and  interpretation  of  data  in  terms  of  specific  mean  size, 
a  twofold  spread  in  mean  reported  drop  size  is  not  unlikely,  and  might  be 
even  greater.  Other  factors  that  could  be  involved  represent  intangibles, 
which  were  neither  controlled  nor  reported,  such  as  detailed  geometry, 
especially  upstream  of  the  atomization  point,  and  resultant  turbulence 
levels  in  both  liquid  and  gas  streams. 

In  general,  the  best  agreement  in  drop-size  data  appears  to  be  for 
rotary  or  spinning  disk  atomizers.  This  agreement  may  be  misleading, 
however,  since  there  are  relatively  few  investigations.  Several  of  the 
correlations  indicated  in  Table  V  are  actually  based  largely  on  the  data 
of  falton  and  Prewett  (1949).  These  were  data  at  very  low  liquid  capac¬ 
ities  where  the  rotary  (spinning  disk)  nozzle  is  actually  a  centrifugal 
adaptation  of  the  pendant  drop.  If  the  term  gt  in  Equation  3  is  replaced 
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with  the  acceleration  in  a  centrifugal  field,  ud/(Dd/2).  one  obtains 

Dp  -  2.3(crjDd/piul )W  .  (19) 

It  will  be  observed  that  this  equation  agrees  with  most  of  the  relation¬ 
ships  given  in  Table  V  for  the  spinning  disk  for  low  atomization  rales, 
even  to  the  magnitude  of  the  constant.  This  is  especially  interesting 
since  the  low-rate  equations  in  Table  V  were  derived  primarily  on  theo¬ 
retical  grounds  based  on  considerations  of  iquid  jet  stability  in  the 
presence  of  surface  disturbances.  At  the  standard  conditions  of  Table  VI, 
drop  sizes  of  730  and  73  microns  would  be  predicted  from  Equation  19  for 
disk  tip  speeds  of  1000  and  10,000  cm/sec,  respectively. 

Fraser,  Dombrowski,  and  Routley  (1963)  and  Friedman,  Gluckert  and 
Marshall  (1952)  conducted  investigations  in  which  higher  liquid  flow  rates 
were  used  and  in  which  the  fluid  dynamics  might  be  expected  to  influence 
degree  of  atomization  rather  than  the  quasi-static  considerations  of  a 
pendant  drop.  Fraser  et  al.,  however,  actually  used  a  combination  spin¬ 
ning  disk  and  pneumatic  atomizer  which  is  unique  in  a  geometric  sense. 
Friedman  et  al.,  covered  a  radial  film  Reynolds  number  (r//u; )  range  of  300 
to  2800.  At  a  low  disk  speed,  the  size  predicted  from  their  correlation 
is  of  the  same  order  as  predicted  from  the  pendant  drop-type  of  relation¬ 
ships;  at  the  high  disk  speed,  the  drop  size  is  considerably  larger. 
However,  the  insensitivity  of  drop  size  to  surface  tension  that  they 
report  appears  unusual. 

The  second  best  agreement  in  the  data  of  various  investigations  ap¬ 
pears  to  be  in  the  area  of  hydraulic  swirl  nozzles.  These  have  actually 
been  investigated  more  extensively  than  others  because  of  their  wide  use 
in  liquid  fuel  atomization.  However,  Turner  and  Moulton  (1953)  report  a 
large  effect  for  surface  tension  which  is  unusual  as  compared  with  the 
effect  found  by  most  other  investigators.  From  a  weighted  average  of  all 
the  data,  the  following  is  a  reasonable  representation  of  the  performance 
of  swirl  nozzles  (which  is  probably  good  to  better  than  ±50  percent): 


5.5 


(20) 
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0.70,0.45 
•  } 


(21) 


For  the  standard  conditions  this  equation  would  pi  edict  mean  drop  diameters 
of  155  and  31  microns  at  relative  velocities  of  1000  and  10,000  cm/sec, 
respectively.  No  formal  evaluation  was  used  to  obtain  Equation  20,  the 
weighting  being  based  on  individual  judgment  of  the  merit  of  each  inves¬ 
tigator's  result.  Equation  20  also  neglects  any  effect  of  the  density 
of  gas  into  which  the  liquid  is  sprayed.  As  will  be  shown  later  this 
effect  is  controversial  but  is  probably  small  in  this  case. 

The  data  for  impinging  jets  show  reasonable  agreement  but  are  not  as 
extensive  as  the  data  for  swirl  nozzles.  Mugeie's  (1960)  relationship 
gives  a  reasonably  good  average  representation. 

The  greatest  disagreement  appears  to  exist  in  the  data  for  simple 
hydraulic  nozzles.  This  is  most  apparent  in  comparing  predicted  sizes 
for  the  standard  conditions.  Although  the  disagreement  is  still  great, 
the  agreement  is  somewhat  better  if  the  fan  spray  data  are  considered 
separately.  The  very  large  sizes  predicted  from  the  relationships  of 
some  investigators  using  simple  circular  nozzles  [Panasenkov  (1951), 

Popov  (1956),  Tanasawa  and  Toyoda  (1956),  and  Tanasnwa  and  Kobayasai 
(1955)1  stand  out  particularly.  This  might  imply  that  turbulence  of 
the  liquid  jet  might  play  a  predominant  role  in  the  degree  of  atomiza¬ 
tion.  This  is  a  factor  which  was  practically  never  controlled  or  measured 
by  the  various  investigators.  With  impinging  jets  and  swirl  jets,  the 
nozzle  geometry  itself  probably  exerts  an  indirect  control  on  turbulence. 
With  a  simple  jet,  however,  any  uncontrolled  upstream  turbulence  might 
be  expected  to  have  a  greater  relative  effect.  Dombrowski  and  Hooper 
(1964)  have  reported  major  differences  (one  to  threefold  on  particle  size) 
in  atomization  with  laminar  and  turbulent  jets. 

The  effect  of  gas  properties  on  atomization  is  an  area  in  which  there 
are  comparatively  few  data.  As  mentioned  in  a  previous  section,  the 
effect  of  gas  viscosity  is  generally  agreed  to  be  very  small.  For 
hydraulic  nozzles  the  effect  of  gas  density  appears  to  be  variable  but 
small.  For  pneumatic  nozzles,  however,  the  effect  of  gas  density  would 
appear  to  be  large  as  indicated  by  the  values  given  in  Table  VII,  Even 
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in  those  cases,  however,  the  effect  of  gas  density  is  not  completely 
separate  becaus'-  gas  density  changes  are  usually  accompanied  by  changes 
in  compression  ratio  with  resultant  shock  phenomena.  Weiss  and  Worsham 
( 1 959)  report  an  effect  of  gas  density  in  terms  of  gas  pressure.  For 
the  range  of  pressure  covered  by  them,  it  can  be  shown  that  this  etfect 
is  the  equivalent  of  a  +0.4  power  on  gas  density  insofar  as  the  effect 
on  mean  drop  size  is  concerned.  Weiss  and  Worsham  used  an  atomizing 
arrangement  which  might  be  construed  as  a  combination  of  pneumatic  and 
hydraulic  atomization. 

In  the  case  of  pneumatic  nozzles  there  is  considerable  confusion 
concerning  the  calculation  of  the  relative  gas  velocity.  Some  authors 
have  calculated  velocity  based  on  measured  mass  flow  rate  and  gas  density 
calculated  at  atmospheric  temperature  and  pressure,  sor  tave  used  sonic 
velocity  (corresponding  to  the  ambient  temperature)  for  all  pressure 
drops  above  the  critical;  others,  like  Bitron  (1955),  have  apparently 
used  isentropic  expansion  velocities;  and  some  are  ambiguous  on  this 
point.  The  effective  gas  density  is  similarly  confused  and  unresolved. 

At  the  present  time  there  are  not  sufficient  data  on  atomization  at  high 
compresssion  ratios  to  resolve  the  question.  The  problem  is  further 
complicated  by  the  presence  of  shock  waves  in  supersonic  jet3  (or  in 
underexpanded  free  jets).  The  effective  gas  density  and  velocity  in 
such  cases  would  also  be  expected  to  be  different  between  internal  and 
external  mix  nozzles.  If  the  kinetic  energy  of  the  gas  is  the  control- 
ling  factor,  then  the  maximum  value  attained  by  the  product  Pfu2  in  the 
isentropic  expansion  of  a  gas  may  be  a  correct  measure  of  the  attainable 
atomization  effect.  This  value  occurs  at  an  expansion  slightly  beyond 
that  corresponding  to  the  critical,  which  is  required  for  sonic  velocity 
to  be  achieved. 

It  is  difficult  to  give  a  recommended  equation  for  pneumatic  atom¬ 
ization.  Kim  (1959),  Mugele  (i960)  and  Nukiyama  and  Tanasawa  (1939)  all 
seem  to  give  results  of  the  same  order  at  the  higher  velocities.  Wigg 
(1960)  also  gives  reasonable  results  but  on  the  finer  side  with  respect 
to  drop  size.  The  effect  of  nozzle  size  on  drop  size  is  the  most  con¬ 
fused.  Kim  (1959)  reports  a  marked  effect  of  nozzle  size  but  in  the 
direction  of  reduced  particle  size  when  a  larger  nozzle  size  ia  used, 
which  does  not  seen  reasonable.  Since  in  varying  nozzle  size  he  also 
varied  other  geometric  factors  at  the  same  time,  it  is  possible  thst  the 
apparent  role  he  assigns  to  nozzle  size  is  actually  s  measure  of  another 
geometric  factor. 


The  following  two  factors  1  ;  a  negligible  effect  at  low  values  of 

the  factor  but  become  significant  at  high  values:  (1)  liquid  viscosity  in 
hydraulic  nozzles  and  (2)  liquid-to-gas  ratio,  or  liquid  loading,  in  pneu¬ 
matic  atomizers.  These  factors  could  be  allowed  for  in  terms  of  a  correc¬ 
tion  factor  that  approaches  unity  at  low  values  of  the  factor.  Simple 
functions  that  could  be  used  for  this  purpose  are  (1  ♦  kxf  ) ,  Cl  ♦  fcx)e, 
or  [exp  (Axf)],  where  k  is  a  constant  and  x  is  a  dimensionless  group  con¬ 
taining  the  factor.  For  the  effect  of  liquid  viscosity,  x  could  be  the 
Ohnesorge  number,  NQll  l  for  the  effect  of  liquid  loading,  x  could  be 
either  (v}/w^)  or  (q;/q|).  Various  investigators  have  used  such  factors 
but  not  as  extensively  as  possible.  Kim  11959)  used  the  last  of  these 
functions  (the  exponential  function)  to  extrapolate  his  raw  data  to  zero 
liquid  loading.  He  then  expressed  his  final  results,  including  the  effect 
of  loading,  in  terms  of  a  function  of  the  first  type  (power  function  added 
to  1)  for  reasons  which  were  not  indicated  and  are  not  apparent. 

Some  investigators  have  used  loading  factors  as  direct  multiplicative 
power  functions  in  expressing  the  effect  on  particle  size  [e.g.,  Gretz- 
inger  and  Marshall  (1961)  and  Plit  (1962)].  It  is  dangerous  to  extrapolate 
such  correlations  since  they  would  indicate  either  a  zero  or  an  infinite 
size  when  extrapolated  to  a  zero  value  of  the  factor.  For  example,  the 
actual  data  of  Gretzinger  and  Marshall  show  drop  size  becoming  independent 
of  loading  for  ratios  (w^/w^)  less  than  0.1.  Consequently,  their  cor¬ 
relation  can  only  hold  for  loadings  ( )  greater  than  0.1.  In  their 
case  liquid  loading  and  air  gap  clearance  were  not  varied  independently. 
Hence,  some  of  the  apparent  loading  effect  could  actually  be  a  diameter 
or  air-gap  clearance  effect. 

Although  size  distribution  in  addition  to  mean  size  is  an  important 
factor,  comparatively  few  data  are  reported  on  size  distribution. 

Mugele  (I960)  gives  a  summary  of  such  data.  Many  of  the  data  are  given 
as  a  ratio  between  two  means  or  between  a  mean  and  the  maximum  drop  size. 
Tanasawa  et  al.,  (1955-57)  report  the  maximum  drop  size  as  being  two  to 
three  times  the  Sauter  diameter.  Friedman  et  al.,  (1952)  report  that 
geometric  standard  deviations  are  mostly  1.4  to  2.0  for  rotary  atomizers. 
The  widest  range  of  sizes  is  probably  produced  by  pneumatic  nozzles  and 
the  most  uniform  by  rotary  atomizers.  Hydraulic  nozzles  usually  give  a 
wide  distribution  of  sizes  but  not  quite  <*s  wide  aa  pneumatic  nozzles. 
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It  is  generally  known  [^.g.,  Marshall  (1954)]  that  the  efficiency 
of  atomization  is  low  (under  one  percent)  in  terms  of  the  fraction  of 
applied  energy  utilized  in  creation  of  new  surface.  Because  of  the  wide 
spread  in  data  on  mean  particle  size  for  the  various  investigators,  no 
further  estimates  have  been  made  on  relative  power  consumption  in  each 
case . 

Rotary  atomizers  are  basically  hydraulic  units  in  which  the  liquid 
pump  has  been  combined  with  the  nozzle.  Consequently,  one  might  expect 
that  the  power  consumption  for  both  hydraulic  and  rotary  atomizers  would 
be  of  the  same  order.  In  the  case  of  rotary  atomizers  the  additional 
power  to  overcome  air  friction  would  tend  to  be  compensated  for  by  a 
more  direct  application  of  energy  to  liquid  with  lower  coupling  or  ’.rails- 
mission  losses.  Pneumatic  nozzles,  however,  will  have  a  considerably 
higher  power  consumption  because  air  must  be  accelerated  in  addition  to 
the  liquid.  The  lower  air  density,  however,  permits  the  attainment  of 
considerably  higher  relative  velocities  without  incurring  the  high  pres¬ 
sures  that  would  be  necessary  to  attain  a  comparable  velocity  with  a 
hydraulic  nozzle. 

The  efficiency  of  a  hydraulic  atomizer  can  be  expressed  in  terms  of 
pressure  drop  as  follows: 

VA  -  (fo-j/Oj  2)/Ap  .  (22) 

This  is  obtained  by  taking  the  ratio  of  energy  represented  by  the  total 
surface  area  generated  to  the  energy  needed  to  elevate  the  pressure  of 
the  liquid  by  A p.  By  substituting  ur  io'  A p, 

VA  -  1  te,/NVT*rP,Di2  *  (12/N,r)/(D ,2«iW  =  <12/A(wr)/(/Vf,p)32  , 

(23) 

where  the  subscript  32  indicates  that  the  particle  #eber  number  is  based 
on  the  Sauter  diameter.*  Lquation  23  can  also  be  written 

VA  ’  (12/Af.,  >(*,/*,)/(*,„>„  .  (24) 

Ha  aabacript  j  baa  alao  baaa  aaa«aa4  to  ba  ayaoayaaa  »itb  p  iaaafai  aa  tbo  drop  propart  iaa  ara  eoacaraaS. 
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i 

t  Since  N  differs  from  unity  because  of  losses  within  the  nozzle  system, 

one  could  argue  that  a  more  basic  assessment  of  atomization  efficiency  is 
to  set  N  equal  to  unity  on  the  grounds  that  those  losses  are  not  directly 
part  of  the  atomization  process  itself.  Hence 

%  “  12/((Vfe(j  Kj  =  12(p,/p,  >/</¥,.,)„  ■  (25) 

t 

Equation  25  would  also  hold  for  a  rotary  atomizer.  As  a  first  ap¬ 
proximation  one  can  assume  that  ur  =  ud. 

For  a  pneumatic  atomizer,  assuming  that  all  the  energy  is  provided 

1 

in  accelerating  or  moving  the  gas  phase,  similar  reasoning  will  lead  to 


VA  -  Uai/[Di2ulpAq  /a))  -  l2(o  /o  )/(N,  >„ 


PAN  SPRAY  TYPt 

(a)  SIMPLE  JET 


(b)  IMPINOINO  JET 


SECTION  A-A  SECTION  A-A 

TANGENTIAL -ENTRY  TYPE  8POOVEO  OR  YANCO-ENTRY  TYPE 


(C)  SWIRL  JET  « 

FIG.  1  TYPES  OF  HYDRAULIC  ATOMIZING  NOZZLES 

(a)  Simpla  J*t 

(b)  Impinging  J*t 

(c)  Swirl 
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(o)  SIMPLE  INTERNAL-MIX  NOZZLE 


COMMON  EXTERNAL-MIX  TYRE 


I 


THREE -TUBE  TYPE 


CONVERGING  TYPE 
( UtM  by  Grttiingor  B  Morxholl,  and  Kim) 


IMPINGEMENT 
TE 


n  - lil" 

UOUIO 

■Tl 

LIQUIO 

TWO-TUBE  TYPE 

(c)  TYPICAL  COMBINATION-MIX  NOZZLES 
(Uud  by  Plit) 

p 

t 

IMPINGEMENT  TYPE 
(UmC  by  Gratiinger  and  Moriholl) 

(b)  TYPICAL  EXTERNAL-MIX  NOZZLES 

FIG.  2  TYPES  OF  PNEUMATIC  ATOMIZING  NOZZLES 

(a)  Simple  Internal-Mix  Nozzle 

(b)  Typical  External-Mix  Nozzle* 

(c)  Typical  Combination-Mix  Nozzle* 

SINGLE  HEAD  DOUBLE  HEAO 

(a)  SIMPLE  FILM  TYPE 
(Oith  or  saucer  illustrated) 


(b)  VANED  FILM  TYPE 


(c)  PERFORATED  HEAD  TYPE 


FIG.  3  TYPES  OF  ROTARY  (SPINNING  DISK)  ATOMIZERS 
(o)  Simple  Film  Type 

(b)  Vaned  Film  Type 

(c)  Perforated  Head  Type 
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FIG.  4  PRESSURES  EXERTED  ON  DROPS  BY  VaRIOUS  MECHANISMS 


Table  I 


SUMMARY  OF  ATOMIZING  TECHNI 


GENERAL  TECHNIQUE 
(Alternate  Naaea) 

TYPE 

Hydraulic 

(pressure) 

Simple  (axial)  jets 

Impinging  jets 

Swirl  nozzle 
(centri fugal) 

Pneumatic 

Internal  mix 

(two- phase  or 
two  fluid) 

External  mix 

Combination  mix 

Rotary 

(spinning  disk  or 
cup) 

Film  (liquid  flows 
parallel  to  disk 
surface) 

, 

Head  or  basket 
(liouid  flows  normal 
to  disk  surface) 

Vibrational 

Mechanical 

Sonic 

Ultrasonic 

VARIATIONS  OR  EXAMPLES 


Stationary 
Rotating  or  moving 
Fan  Spray 


Impinging  liquid  jeta 
Impingement  of  liquid  jet 
on  solid  surface 


Tangential  entry 
Vaned  or  grooved  entry 


Explosive 


Electrostatic 


Film  bursting 


Simple  (flat,  dishe- 
cupped,  or  saucer; 
or  double) 

Vaned 


Perforated 


Fluid  pressure  is  converted  into  fluid  velocity  by  passage  of  flu 
jet  instability  arising  from  relative  velocity  of  liquid  to  the  ai 
jet,  the  relative  velocity  is  increased  by'the  physical  motion  of 
noncircular  orifice  an<V or  orifice  feed  chamber. 


Collision  of  two  simple  jets  or  impingement  of  a  simple  jet  on  a 
atomizer  may  produce  a  bi-modal  size  distribution. 


A  circular  orifice  is  preceded  by  a  chamber  in  which  the  liquid  i 
grooves  or  vanes.  A  hollow  conical  sheet  is  produced.  The  non-cl 


The  high  relative  velocity  between  gas  and  liquid  is  achieved  by 
mixed  prior  to  the  a  as  expansion  through  the  nozzle  in  the  intern 
atomization  is  possible  at  relatively  low  pressure  levels. 


Liquid  is  introduced  at  the  center  of  a  rotating  disk  and  flows  c 
;le  disk  as  a  thin  sheet.  In  the  head  type,  a  liquid  leaves  as  a  lip 
ally  a  hydraulic  technique  in  which  tne  pump  and  nozzle  are  combi 
tively  free  from  plugging  problems.  Fineness  of  atomization  is  1 
techniques,  such  limits  can  be  avoided  by  using  pumps  with  stagec 


Vibrating  tube 
Vibrating  reed 


Compressed  air  siren 
Hartman  whistle 


Solid-state  oscillators 


Low  intensity 


High  intensity 


A  liquid  is  fed  to  or  caused  to  flow  over  a  surface  which  vibrati 
Uniform  drops  may  be  produced  at  low  feed  rates.  This  technique 


A  bulk  liquid  is  exposed  to  expanding  gas  products  from  a  detona 
sition  of  the  liquid  may  occur  because  of  the  high  temperature. 


Atomization  is  the  result  The  liquid  jet  or  film  is  exposed  to  an  electric  field.  The  fori 
of  Rayleigh  instability,  nique  is  relatively  undeveloped.  Much  of  present  day  research  ii 
in  which  presence  of  spray  painting  probably  uses  an  electrpstatic  field  for  depositii 

charge  in  surface  counter¬ 
acts  surface  tension 


Atomization  claimed  to  be 
the  result  of  stress  suf¬ 
ficient  to  overcome  ten¬ 
sile  strength  (or  chemi¬ 
cal  bonds)  of  liquid 


Pendant  or  hanging 
drop 


Dripping  drop 


Quasi-static  emission  of 
a  droo  from  a  wetted  sur¬ 
face,  as  from  the  end  of 
a  burette  (discontinuous 
surface)  or  from  the 
underside  of  a  horizontal 
surfaced  (continuous 
surface) 


Periodic  emission  of 
drops  from  the  bottom 
side  of  a  surface  to 
which  a  liquid  is  fed 
continuously  as  in  drip¬ 
ping  of  water  from  leaves 


Falling  or  splashing  Satellite  drops  generated 
drop  (or  object)  due  to  impact  of  object 

on  a  liquid  surface 


Bursting  bubble 


Flashing  fluid 
(superheated) 


These  are  classic  examples  of  common  atomization  processes  in  na 


Generation  of  droplets  resv.lts  from  the  sudden  failure  of  a  stre 


Table  I 

UMARY  OF  ATOMIZING  TECHNIQUES 


DESCRIPTION  AND  CHARACTERISTICS 


5§ 


1*^ 


d  velocity  by  passage  of  fluid  through  a  plain  orifice 

velocity  of  liquid  to  the  ambient  gas.  This  technique  requires  high  liquid  pressures  for  fine  atomization.  In  a  rotating  or  moving 
ed  by  the  physical  motion  of  the  atomizing  nozzle  (e.g. ,  a  spray  nozzle  mounted  on  an  airplane).  Fan  sprays  are  produced  by  use  of  a 
ed  drM&ftf. 


to  produce  a  rod- like  stream.  Atomization  occurs  as  a  result  of  a 
hign  liquid  pressures  for  fine  atomization.  In  a  rotating  or  moving 


i 


ement  of  a  simple  jet  on  a  deflecting  surface  produces  a  sheet  of  liquid  which  subsequently  breaks  up  into  drops.  This  type  of 
istribution. 


iisrnber  in  which  the  liquid  is  given  a  tangential  velocity  component  either  by  a  tangential  liquid  entry  i.r  by  a  aeries  of  inclined 
ret  io  produced.  The  non-clog  feature  of  the  tangential  type  resulta  from  the  ability  to  use  larger  apertures  for  a  given  capacity. 


a  ami  liquid  is  achieved  by  acceleration  of  the  gas  to  high  velocity  rather  than  acceleration  of  the  liquid.  Gas  and  liquid  are 
ugh  the  nozzle  in  the  internal-mix  type  and  after  the  gas  expansion  in  the  external-mix  type.  Power  consumption  is  high  but  fine 
low  pressure  levels. 


d  by  using  pumps  with  staged  impellers. 


over  a  surface  which  vibrates  at  a  prescribed  frequency  and  amplitude.  The  droplet  site  is  primarily  a  function  of  the  frequency, 
feed  rates.  Ibis  technique  is  relatively  undeveloped. 


gas  products  from  a  detonating  ayatem.  This  is  probably  a  special  case  or  extension  of  the  pneumatic  technique.  Chemical  decompo- 
e  of  the  high  temperature.  Although  atomization  may  be  fine,  coarse  debris  may  also  be  present. 


in  electric  field.  The  force  on  the  liquid  may  be  due  to  either  free  charges  in  the  surface  or  to  liquid  polarization.  This  tech- 
i  of  present  day  research  is  aimed  at  rocket  propulsion  by  charged  droplets  generated  in  high  vacuum.  Conventional  electrostatic 
-pstatic  field  for  deposition  of  drops  on  surface  rather  than  in  generation  of  the  drops  themselves. 


tomizetion  processes  in  nature.  They  are;  however,  normally  limited  to  either  low-rate  or  coarse  atomization. 


e  sudden  failure  of  a  stressed  film  of  liquid.  This  is  a  low-capacity  atomizing  technique. 


J'*, 


Teble  II 


RANGE  OF  EXPERIMENTAL  CONDITION 


ATOMIZER  DETAILS 


Disasters.  ee 


LIQUID  PROPERTIES 


CAS  PROPERTIES* 


Other  Details 


2  jet.  it  110° 


2  laMiaar  jet«  at  Vatar  ( 0. SfS  niaroaina  d-a) 
50  to  140° 

2  turbulent  jtta 
at  SO  to  140° 


exit  anal  a  varied  Water 


"r*‘,»  t-Iu: 


Fraser,  Donbrow-  I  Spinnin 
ski  and  Rout  ley 
(1963) 


Frietfcsn.  Gluckert  Spinning 
and  Marshall  disk 

(19S2) 


Grettioger  and 
Marshall  (1961) 


rfamon  (1955)  Stationary 
jet 


Hsaaon  and  Fan  jet 

Mssrahi  U961) 


exit  angle  varied 
fron  100°  to  120* 


air  jet  0.2  in, 
out  from  cup  lip 
in  forn  of 


Dyed  liquid 


loila  (three  types) 


annular  ring 


uaed  13  different  A 

disks;  L  ranged  B 

froa  0.  8'to  4?  oa  £ 

D  (probably  nolten  salt) 


3  notsle;  for. each  eater  (with  dye) 
A  •  0.000  ae‘j 
B’w  •  0.33  a; 
air  on  oataida 


uaad  data  of  Laa  (1932),  Laa  and  Slpancar 
(1933)  and  Kuahn  (1925) 


0.034-0.134 

<»>.) 


al  cohol 

gasoline 

tfiaael  oil 
kerosene 


A.  ■  0.0009-0.014  waxes  (90  to  12 5°0  0.75-0.1 

J,  cm-  IIP*  .nr.v  <12  tO  15*0  .  1.0 

2-u’  U"  ,p,*y  28*  CaClj  in  ..tar  (25*0  1.27 

di-atfcTl|d>tbalata  (20°O  1.12 

kerosene  (12°C)  0.8 


!  Swirl  jet 

Joyea  ( 1949 XJ 953) 

1  Swirl  jet 

Kin  (1959) 

Pnounetie 

Knifht  (1955) 

Swirl  jet 

Knis.  Base,  and 

Lndrit  (1941) 

Stationary 

1  and  noting 
fan  jet 

Kurabaysai 

Rotating 

(1960)0961) 

ample  jet 

Kutnetaov  and 
Talaf  (1958) 

Inpinging 

j«t 

Um»wl)  (1943) 

Swirl  jet 

Maytr  (1961) 

Theoretical 

Mclrvine  0957) 

|  Swirl  jet 

Merriagton  and 
Richardson  (1947) 

1  Stationary 

Jets 

Moving  jots 

Megale  (1960) 

All  typaa 

Nalaon  and 

Stevens  (1961) 

Wrl  jet 

used  extensive  data  {torn  literature;  also  aueroee/water  solutions 
ran  sons  taau  on  22  ehenbera  with  5  on-  (.ith  3.5*  Di|roaine  dye) 
lice  dianeters  ranging  froa 
D.  -  0.09-0. S  cm 


used  data  of  Many  investigators 


0.035-0.21 


Tvpe  SL  note  las  cyclohexane,  n-octyl 

(Spraying  Syatena  alcohol,  carbon  tatra- 

Co.);  spray  angle  chloride,  water,  nitro- 

52-91*  bwitene,  aniline. 

tetrabronethane 
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Table  II  (Concluded) 


RANGE  OF  EXPERIMENTAL  CONDITIONS  I'SED  BY  I 


ATOM! DETAILS 


LIQUID  PROPERTIES 


OAS  PROPtlrTItS* 


Nukimi  ana 
Tana  sawa  (1939) 


Paaasenko 

(1951) 


Peakia  and 

Lawler  (1962) 


concentric,  in¬ 
ternal  mix 

solutions  of  methanol, 
ethanol,  and  glycerin  in 

water 

cylindrical  nozzle, 
four  diameters 
long 

water,  starch  solution, 
machine  oi  1 

Swrfere 
Ttaai  o» 

°i 

dya es/ca 

Ceapaattioa 

34-7  3 

air 

(air) 

Spinning  I  theoretical  analysis 


1.2-2. 5  I  internal  and  aster¬ 
nal  nix  nozzles 


Redcli ffa 
(1954) (1955) 


Tanaaawa  and 

Kobeyeei  (1955) 


Tanaaawa,  Sasaki. 

and  Nagai  (1957) 


All  1  used  data  of  many  investigators 


Svi rt  jet  0.05-0.18 


Tanaaawa  and 

Stationary 

0.027 

Toyoda  (1956) 

1  j« 

Toyoda  (1955) 


Tat#  and 
Marshall  (1953) 


Tinner  and 
Mon 1  ton  (1953) 


■el  ton  and 
Prtvet t  (1949) 


Veits  and 
WorahM  (1959) 


filial  and 
Marshall  (1954) 


Stationary 


long  cylindrical 
throat-3  hole  Bosch 
type;  alee  made 
tone  measurements, 
with  other  notslea 
such  aa  pintle, 
throttle,  impinge- 
■ent,  and  avsrl 


long  cylindrical 
throat 


water;  monoethenolamine; 
potassium  carbonate 
solotions 


water 

carbon  tetrachloride 
methanol 


carbon  tetrachloride, 
gasoline,  kerosene,  kero¬ 
sene  end  oil  solutions 


glycerine/water  solutions 

fa  so  line 
eroaene 
heavy  oil 


ethyl  alcohol/weter  solu¬ 
tions 

glycerin/water  solutions 
kero  sins 

keroaine/lube  oil 
(62.  5V37. 5%) 


wexea  (50-100°C) 
gasoline  ( 30°C) 
xeroaine  ( 30°C) 

heavy  oil  (30°C) 
ethanol  (30®C) 


water,  glycerin,  alcohol, 
oils  (used  only  water  for 
drop  site) 


graying  Systems 
Co.  notzles 


Spraying  Syatvia 
€o,  nozzles 
1/4  LN  and  1/8  4 


Stationary  0.12-0.48  15  cylindrical  tubes 

jet  into  (air 

flowing  gas  duct 

diem. ) 


Pneumatic  0.034-0.071  3.8-6. 4  cylindrical  liquid 
(venturi  feed  jet  directed 
throat)  along  axia  of  ven¬ 
turi  throat  co- 
current  with  air; 
25°Cincl.  angle 
converging  and 
diverging 


Pneumatic  various  atomisers  and  data  of  others 


water,  vater/glueose 
solutions  (dyed  with 
2.  5%  nigrosine) 


beta  naphthol.  benzoic 
acid  (131  to  l82*C) 


water,  methyl  aalicylete, 
di butyl  phthalate,  mer¬ 
cury,  glycerin,  o-dichlor- 
benzene,  ethylene  dibro¬ 
mide,  dekelin,  tricreeyl 
phosphate 


Acravax  C  (m.p.  284-290°F) 


wax,  with  dye  (m.p.  190°F)  |  0.83 
"alloy” (m.p.  203°F) 


,  1  room 

(1-3)  (room) 


which  spray  diecha 


i  of  pneumatic  atomization  ,  type  and  upstream  pressure  ia  given  in  parenthesis. 


*  1  f.l/kr  ■ 


Table  II  (Concluded) 


F  EXPERIMENTAL  CONDITIONS  USED  BY  INVESTIGATORS 


CAS  PROPERTIES* 


OPERATING  CONDITIONS 


DROP  DIAMETER 


M«|ni ta4« 
Microns 


Needhaa  used:  D.  *0.1  as;  6*125  pai ; 

’  “FN"  -  0.5*4. 2 
Joyce  need:  D.  ■  0.09*0.19  cm 


Maikad  if 
VHiirwint 


allowed  dropa  to 
iapingaon  plate, 
wetted  entire  wen 
and  counted  nuaber 
of  dropa 


aieroaecond  flaah  N-#..  froa  41,800  to 
photograph  66.D0O 


N.  ■ .  varied  froa  200- 
neij 

40.000 


D„  I  I  counting  of  photo-  N-  . .  varied  froa  10C- 


aicrographa 


(1)  collected  dropa  Interaittent  flow 
under  liquid,  pho-  (usua'ly  500  rpa) 
tographed  and  count  ¬ 
ed  (2)  aolidi find 
waxes,  aievad 
(counted  for  si  sea 
under  50m) 


counting  of  photo*  Also  give  data  on  pan- 
aicrographa  dant  and  dripping  drop 


D32  20-200  collected  drops  in 

Stoddard  solvent, 
photographed, 
counted 


12*3000  dropa  collected  on 
aegnesiua-oxide 
coated  slides  and 
counted 


solidified  drops 
collected,  photo¬ 
graphed,  counted 


Table  III 


SUMMARY  OF  DATA  ON  HYDRAULIC  (PRESSURE: 

A.  Staple  Jet 


AUTHOR 

UNITS 

REQUIRED 

EXPANDED  RELATIONSHIP  FOR 

AVERAGE  DIAMETER 

CONVERSION  TO  GENERALIZED  FORMAT:  < D,,/Dj )  -  kH 

(Note:  For  *ny  axial-jet  nettle  atationary  witl^B 
ataoaphere,  tij  and  ar  are  identical) 

Type 

Diaaeter 

Ratio 

(D,JDf) 

Controlling 

Variables 

Assumed 

1 

Fraser  and 

Eisenklam  (1956) 

=*• 

2.07Ap#OS5l>;;V“  2.31  N,»-0SSd/.-7V/-J5 

Dil/Dj 

( DJtur ) 

with 

fixed 

geometry 

HBBH2SBH!  1 

0.37.0.11  0.02  ■ 

ef  pi  *}  g 

"  ffi.  37  „0.*1  -  0.425  p0. 37  M  0. 5  «  0. 37 

tTj  qj  pj  Uj  pj 

p».37  0.#1°.12  K 
/  3*  I  K 

Eraser.  EiaenVlaa, 
and  Doabrowaki 
(1957) 

c«* 

4.39  5.73  D%\m 

32  "  eff'LpV*  "  81/3 N'\n  U2/3 p}'2 

»32 /°J 

any 

except  Pj 
with 
fixed 
geometry 

S.73iDj'/DJ )*/»  ■ 

pmKutpm  I 

Haraoa  (195$) 

consistent 

3330 

Q  *  *  ® 

32  -  0.052^0. 15 

J  ^  J 

«>.■,) 

■i 

Haaaoe  and 

Hixrahi  <1961 ) 

eg* 

~  *1/3  1/*  1/3 

CHMDjr  My  °y 

D12/Dj 

«/■“  r> 

with 

fixed 

geometry 

^),/‘a>,^y)2| 

32  (ain(5//2))1/W 

[»in  (ff//2)],/J  ■ 

where  -5.2  for  molten  wsx»  7.5  for  normal  liquids  V 

Kruae,  Heaa,  and 
Ludvik  (1949) 

«8« 

10  q  1.06  1.06 

19.8/z  .  a . 

D - 1 - 1 — 

u0.80o0. 26.1.06 

J  r 

D32 SDj 

(®y • ur> 

with  fixed 
velocity 
ratio 

<“>/> 

19.8y1J-12er>(ur/u;.)0-MA 

iz&SQI 

19.8D*‘#‘«rJ?'#*(Ur/Bi)< 

Kurabayaai  (1961) 

eg* 

86.20-J25 

°32  '  al.  15^0.25 

Du'D! 

(“r-V 

86. 2  iPj/Pj )  °'65/  1 

Mayer  (1961) 

consistent 

c.^%"3 

D  -  — --  J 

**  a*/3pl/3/)2/3 

D.JDj 

/  «ny  \ 
(except  PjJ 

q,(p/p,)s/s 

where  Ctf  -  18w(2)1/ 3  Jk#  -  21.3  for  k„  .  0.3 

Merrington  and 
Richardson  (1947/ 

eg* 

(Dj,ur) 

500(^7^)  °' 8 

(“r -My) 

SOO^/a^)"-* 

Mugele  (1960) 

consistent 

. 

s.ooJ-V.-15^0-20 

D3j  -  - i - l - 1 - 

Ur0.S5pj0.3S 

Dn'Dj 

any 

5.0 

Rj 


Table  III 


I 


i  HYDRAULIC  (PRESSURE)  ATOMIZATION 
A.  Simple  Jet 


>otxle  stationary  with  respect  to  the  ambient 
ur  are  identical) 


S. 7  3 (Oy ,/Dy ) * / * 


fll/3wUJpl/« 


/V,\0-7*/V\00 

33301  -1  [  _L 

ViJ  \P'J 


g,(^>1/6(VV2/3 


[ain  1^/2 )] 1/3 


COMPARISON  OF  PARTICLE  SIZE  PREDICTIONS 

S  AT  STANDARD 

REFERENCE  CONDITIONS 

(SEE  TABLE  VI) 

REMARKS 

Additional 

Average  Diameter  Calculated  at 

Specification, 

Standard  Reference  Conditions, 

for 

Reference 

Condition, 

6j  »  90*  ■  n/2  radians 


<VV  * 1 


1.00 

19.8D®'Mo-/,0*(ur/u;)0',° 

1.06 

86.2  <p/My>0-<5/£l.0,10 

0.9C 

caips/pt)*n 

1 

Fan  spray  noxxle 


Fan  spray  noxxle 


Stationary  jet 


Fan  sprny  (0f  •  118°) 


Fan  spray,  stationary 
and  moving  jets;  in¬ 
secticide  spreading 
(Chi-Spraying  Systems, 
“Veejet”  noxxle). 


Moving  (rotating)  jets. 


Theoretical  for  gas 
flow  over  a  liquid 
surface;  ~  0.3 
from  experimental 
spot  checks. 


Moving  and  stationary 
jets. 


Moving  and  stationary 
jets. 


Table  III 


SUMMARY  OF  DATA  ON  HYDRAULIC  (PRESSURE)  ATOM 
A.  Simple  Jet  H 


AUTHOR 

UNITS 

REQUIRED 

EXPANDED  RELATIONSHIP  FOR 

AVERAGE  DIAMETER 

CONVERSION  TO  GENERALIZED  FORMAT:  (DtJD,)  •  *■  H 

(Note:  For  any  axial>jet  nozzle  stationary  vitfl 
atmosphere,  u^  and  ur  are  identical) 

Type 

Di  smeter 
Ratio 
(D„/Dy> 

Control  ling 
Variables 
Assumed 

k 

Panasenkov  (1951) 

consistent 

6t>/'*V15 

D}0  ’  u0.15  pO.lS 

j  o 

0  3  c/Dy 

any 

6 

Popov  (1956) 

consistent 

0.0032*D;-,S/>®-5S1'» 

"  0. 40  1.22  0.08 

orP,  My  M, 

(fl.a/®y) 

(Oy,ur)  ; 

(By  .try)  : 
or 

(ur.0-;) 

0.00324(M;/Mf),,-M(p;/, 

The  author  does  not  define  his  mean  diameter.  It  can  be  inferred  that  he  used  either  a  number  mea 
He  presented  all  hia  data  in  the  form  of  graphs.  While  the  above  expanded  relationship  fits  his 
report  it.  Hia  data  are  probably  for  a  simple  hydraulic  converging  nozzle  although  he  gives  no  de 
plots  of  particle  site  distribution  some  of  vhich  could  not  be  reconciled  with  hia  other  atomizat 


shoving  the  relative  effect  of  gas  viscosity  and  gas  density  are  reasonably  direct  but  the  data  f 
D. ,  Pj,  fi.,  and  a  .  are  taken  are  subject  to  the  irreconcilable  particle  size  data. 


Putnaai  et  at.  (19S7) 
(Pilcher  and  Miesse) 


<P 


n°.S 

Dj  My 


ApO-V2 


n0.S  C.2 
D:  M, 


-  .  </>  .  j - J- - - - 

J  L  J 


Tanaaava  and 

Toyoda  (19S5H1956) 


Cjjgl^D^k^ 


32 


u  P0-25 

J 


where  Cjj  “  direns i onleas  constant 


47  i'or  steady  flow, 

70.5  for  intermittent  flow 


032/d. 


_  .  ,  3.0.25. 

CTTltLUj/pfu  r)  k 


1  ♦  3.31 


OyPyP, 


.5 


[i  *  3.3 <:*] 


(Ur.<7;.) 


3ft3  ,2.0. 


Tanasawa  and 
Kobayasi  (1955) 


5.6  Ac“-75^-25*m;. 


Ad  *^4 


consistent 


/V°-2SU0.5  0.25 

VJ  H} 


where 


1  +15.56 


per/ 
rj  ) 


-  [—56^ 


(  «Y  ) 

^except  My/ 


5. 64k„  ,.//v0: 25 

*J 


Weiss  and 

Worsham  (1959) 


(Djtur)  or 
(Pj.Pj) 


S97(«yM,/«rJ.>1/1\f 


0.. 

where 


597Dyl/,Uy,/12My1/3Mfl/lVf12*,l 


.  V3  .  5/6 
r  j 


H 


U  *  (1//Vp)]  or  [1  V  (Py/lOOOp,)]  for 
range  of  conditions  covered  by  the  authors 


B../By 


597 


1/12 


1/12 


/  \1/12  ,  » 

\V/*V  \“r  ) 


(u .  ,cr  . ) 
'w  1  j  / 


597 


1/129 


("r  ■ai) 


597 


"72  \  i/ii  /  ~ 

(D>piu  A  / 


\  M, 


Table  III  . 


rULIC  (PRESSURE)  ATOMIZATION  (Continued) 
A.  Simple  Jet 


ItobmaT:  (Djns)  -k/Si.jr Wg.ir.  VHEffil,, 

Hioitle  atatioaary  with  reaped  to  the  eabient 
|ur  ere  identical) 

COMPARISON  OF  PARTICLE  SIZE  PREDICTIONS 

AT  STANDARD  REFERENCE  CONDITIONS 
(SEE  TABLE  VI) 

REMARKS 

* 

■ 

4 

Additional 

Speci f i cation* 
for 

Reference 

Condition* 

Aversge  Diameter  Calculated  at 
Standard  Reference  Conditions, 
Dxx ,  Microns 

ur  ■  1,000  an/ sec 

ur  *  10,000  csv^sec 

6 

0.1S 

■ 

1510 

1068 

^■1 

1.003240 ^/*xf)#-0,(p;7pf)0-40 

-0.15 

1.15 

4220 

422 

Bd  either  a  number  mean  (D10)  or  a  number  median  (D>y). 

Blationahip  fita  his  data  cloaely,  the  author  did  not 

Bthough  he  give.  no  detaila  on  geometry.  He  alao  gives 

Bh  hia  other  atomisation  performance  data.  Hia  data 

Birect  but  the  data  from  which  the  exponents  on 
■  data. 

ypt  functional  rela~ 
tionship,  not  defined. 

Crr 

■ 

1.00 

Note:  differs  from 

unity  only  for  very 
high  liquid  viscos¬ 
ities;  at  reference 
conditions 
kuj  -  1.010 

4710 

(for  Cjj  -  47) 

471 

(for  Cjt  *  47) 

Stationary  jet;  very 

■ 

0.25 

7100 

(for  Cjy  -  70.5) 

710 

(for  Cjy  *  70.5) 

discharge  opening. 

cTT(gLeW./P'^)°-\ 

0.75 

0.25 

I  5.64*  ./N°\25 

1 

0.25 

0.25 

«.j  •  1 

The  value  for  does 

not  deviate  from  unity 
except  at  extremely 
high  values  of  viscos¬ 
ity.  These  values 
could- not  be  Yeconoiled  “ 
with  the  authors’  dsts. 

1000 

316 

Based  on  extrapolation 
of  relationship  given 
by  Tanasawa  and  Kobayasi 
in  Table  III-C,  for  a 
swirl  jet,  to  the  case 
of  a  simple  jet 
(i.e.  for  (A j/Ay )  (flL/De )  -  <x>) 

1 97(.JV»j)l',**« 

5/6 

1/2 

Np  ■  1  stm 

U  .  ■  11 

J  r 

986 

55.4 

Stationary  jet  into 
flowing  air  stream;  the 
quantity 

varies  from  0.5  to  0.7 
for  the  range  of 
conditions  covered  by 
the  authors. 

■HBi 

5/6 

5/12 

Np  -  1  atm 
u;  -  ur/100 

671 

37.8 

jama— 

3/4 

5/12 

mmm 

11/12 

5/12 

Table  III 


amm  of  data  on  hydraulic  (or  pressure) 


Table  III 


RAUL1C  (OR  PRESSURE)  ATOMIZATION  (Continued) 

B.  Impinging  Jet 


„IZED  FORMAT:  ( 0,,/D ,)  •  k/H%.ir Afg./r  ■  */«S -Jrf./r 

>  all  stationary  axial-jet  nos&lea,  u .  and  u  are  identical 


COMPARISON  OF  PARTICLE  SIZE  PREDICTION 
!  AT  STANDARD  REFERENCE  CONDITIONS  (  aee  T.ble  VI) 

Additional 
Speci f ications 
For  Reference 

Average  Diameter  Calculated 
at  Standard  Reference 
Condition.,  D  ,  Microna 

Conditions 

ur  *  1,000  cm/sec 

ur  »  10,000  cm/sec 

*  1 

234 

112 

"vj  ’  * 

00 

o\ 

89’ 

98* 

39.1’ 

-  1 

*  Calculated  diameter  at 
conditions  out  of  the  range 
of  gas  phase  density,  pg, 
specified  for  equation. 

em  -  90° 

255 

41.3 

0,  -  180° 

171 

27.6 

“(0.246  ♦  3y) 


.0306  In  <N],tjj/NFrj)  -  0.0306  In  lgLpffi/fy 


0.60 

j  -0.25 

0.35 

1 

0.20 

0.25 

i  0.25 

Two  0.053-cw  diameter 
holes  impinging  at  an 
angle  of  110° 


For  turbulent  jets; 
laminar  jets  are  also 
studied  but  the  results' 
are  more  complex,  how¬ 
ever  order  of  magnitude 
of  droplet  site  is  the 
sane  for  laminar  jets. 


Liquid  jet  impinging 
on  a  deflector  plate. 
Studied  water  with 
various  velocities  and 
liquid  discharge  open¬ 
ing  diameters. 


Head-on  impingement; 
(6?  -  180°) 


Tali  if  1 !  f 


SUMMARY  OK  DATA  ON  HYDRAULIC  (OR  PRESS! 

C.  Swirl  Jr.-*, 


8Sl/. 


UNITS 

REQUIRED 


Joyce  (1949,  1953) 


Knight  (19SS) 

(In  discustion  of 
Badcliffe's  paper ) 


Il'yeshenko  and 
Talantov  (1964) 


Longnell  (1943) 

[Aa  quoted  by 
Marsha) I  (-954)  and 
Me  Irvine 


EXPANDED  RELATIONSHIP  FOR 
AVERAGE  DIAMETER 


v  n  0 .  S  0 .  2  vi  n0.5,0.2 

KJODj  Pj  KJ<Pj 

A0.4J.2  '  yfl.  AO.  .  6 

p  vr  r  ~j 


15. 1„°-  20  V  215  14.  3rf-  4l8a“-  20V>-  215 


CONVERSION  TO  GENERALIZED  FORMAT: 
FOR  STATIONARY  SWIRL  NOZZLES: 
and  Ap  -  N,;(p^uj/2)  0 


Type 

Diameter  Controlling 
Ratio  Variables 
Assumed 


D  /D  ■ 

ix/w; 


*3  2&J 


aO. 458  J). 215 
p 


aO.  45BJ3. 006 

P 


19  ^.41^0.  21S 
iu0 . 105»i0.  353  0.707  0.464 

1 vj  1  vr  ur 


0. 8  rt1)/j- 77 

1  r  66.0pO.U/pO.UCT0.77 


(0.  7l)5u  'P.> 
23.5Dye  '  ' 


(D}.ur) 


(Dr«r> 


iDj.nr) 


v0.4  0. 
Nvr  P} 


50.30  W 


Ap°-”sUin  <ey2)l  «5-r'2H,in  (e./’)]^'25^- 1?s 


*>.„X  i  'V..  ‘ 

fc7 


Mugele  (I960) 


Nelson  and  Stevens  (1961) 


Author's  Equation 


Organic  Liquids 


Organic  Liquids 


Water 


There  is  some  question  as  to  the  units  used  by  both  Marshal!  and  Mciivine  in  report 
The  value  30.5  was  obtained  on  the  assumption  that  both  reported  Dmv  and  D}  in  the 
used  the  units  indicated  by  Mclrvine  the  results  would  be  unreasonable. 


v  n1.28(0.  19  0.  24  v‘  nl.  28,0.  19  0.  24 
KmiDj  ^  o-  KUIDj  Mj  °j 

MV  9  -  *  -  -  - - - 

Ap°l53  jyO.  33  0.66  0.  33 

vr  r  rj 


Note:  In  arriving  at  above  exponents  on  D . 
author  ignored  additional  diameter 
effects  inherent  in  such  terms  as  flow 
rate  used  by  other  authors  in  their 
correlations.  Making  such  allowances 
the  exponent  on  Dj  would  be  closer  to  0.66 


5  000.  65^0.15^.  20 

°32  =  <V^>0'’63^5M-35 

Die  author  is  not  clear  on  the  definition  of  terms  and  the  exponent 
on  the  ratio  (N„j/Nvr)  may  not  reflect  the  author's  intent. 


°.e  *  Dj  «P  (-0.0352Z2  ♦  n.  124Z  -  P.429) 

where  Z  ■  in  [tan  (0./2)]1'2} 


D.V  *  °j  e*P  (-0.0624Z2  *  0. 702Z  -  2.900) 
_ »>>ere  Z  •  in  {Np°,//p;/a [tan  (&./2)]1'2} 


i3.  oo°-4v,;-2v0’29 

D  •  i  8  1  1 

[tan  (5./2)]°-64u ;'’a82^0’53 


23.0DP'47/A1(>-«<7q.)l 
D  *  _ i  n  i 

■  V  ,  __ 

Ctan  (5,/2)]0-64u«i4«pJ  f3 


D  /D. 

*v'  j 

any 

with  fixed 
geometry 

D  / D 

•  v'  jr 

any 

with  fixed 
geometry 

lul.lt'  111 


UJLIC  (OR  PRESSURK)  ATOMIZATION  (Continued) 
C.  Swirl  Jet. 


KRALIZED  FORMAT:  (D,,//),-)  -  *  */*««? A'}r 

’  SWIRL  NOZZLES:  A p  -  NvrlPjU?/2)  or  ur  ■  (2A p/Nvrpj)'/i 
VpJ“'/2)  or  u.  ■  (2Ap/iV„J.p;.)!< 


COMPARISON  OF  PARTICLE  SIZE  PREDICTIONS 
AT  STANDARD  REFERENCE  CONDITIONS 
(SEE  TABLE  VI) 


Additions  1 
Specifications 
for 

Reference 

Conditions 


0.582  0.125  NvJ  -  1 


NV]  .  10 


O.0O212*(1JC,c0-aiV“-817/*„°y-047 


0.00212*4j.C,eu-8nM;0-77/*MU“-047 


0.00212*wC9c0-817/)?-047pJ0-047Alj°'7J3/*„  0.047  0.77 


3o  .s.(0-70V'j»mJ-» 


[«in(fl,/2)]p5-375^-75 


vine  in  reporting  Longwell's  results, 
ond  Dj  in  the  seme  units.  If  they 


■  0.71  0.10 

KX!  Uj  pj 


„0.33 


13.0(u„/u;.)0-82 


(tan  (<9|/2>  ]°-6< 


23.0(ur/u  y , ) 0 - 8  * 


[tan  (5 ,/2)]°'m 


73.5 

14.5 

57.7 

11.3 

1483 

226 

102 

18.1 

lV“;a'  ' 


-  1 


0.53  0.29  (ur/'“;a)  ■  1  192 


0.53  0.11  -  1  225 


Based  on  the  data  of 
Lubbock  and  Bowen  (1948) 
and  others  on  Lucas 
burners. 


Tangential-entry 

nozzle. 


Based  on  an  average  of 
values  reported  in 
the  literature.  No 
value  is  given  for 
Kill  (or  Kyj), 


115 

32.4 

187 

25.5 

214 

m 

192 

29. 1 

225 

51.7 

Grooved-core  nozzle 
with  interchangeable 
orifice  inserts. 


iiiwwiinwn'TiTiftrTr-- - 1 — — - -  ■ 

Table  III 

SIMIARY  OF  DATA  ON  HYDRAULIC  (OR  PRESSURE) 

C.  Swirl  Jet 


UNITS 

REQUIRED 


Tanasawa  and  Kobayasi 
(19S5) 


CONVERSION  TO  GENERALIZED  FORMAT: 
FOR  STATIONARY  SWIRL  NOZZLES:  i 
and  A p  =  N„;(pyuJ/2)  or  i 


EXPANCED  HELATIONSHI P  FOR 
AVERAGE  DIAMETER 


2.  63*,°- 25 


°22  ’  A»o.r 


17. 60» 3 


0.125.0.275  0. 55  0.  15 

%  "or  “r 


^0.15^0.35^.7^°.  2 


23.0  w°'318  30. 7P;-”- 

'  Ap®  •  530  *  ,0.,5,,0.371  u0.742  Pj0.212 


4  74*  k9Mk  Z>3/V1/4  5.64*  k9^k„iDi/V/t 

no  H)u)  J  _ ng  na  uj  j  J 


jvi/y/y/* 

nvr  u  r  f') 


Type 

Diameter 

Ratio 

Controlling 

Variables 

A  5  S  'J  1.1  C  La 

fl32/C; 

(»;.«,) 

D32P; 

(0>.“r) 

°32 

(Djtur) 

any 

where:  k  *  (1  ♦  0. 37  vT"7Bi  1  tl  ♦  19.7  exp  -(< 4 . 13) (A; /A  - )  U>./Dc)] 

ng  n  J  J 

Ka  ■  tl  -  M.'/Dj)! 

kuj  •  (1  ♦  15.560 '/0ltj/kna)3/2J  *  tl*  15.5 ^/kntJ)jPjaj)m) 


Tate  and  Marshall  (1953) 


Turner  and  Moulton  (1953) 


Tangential-Entry 

Nozzle 


Grooved-Core 

Nozzle 


„  [(396/a, 

032  -  0.01126(Dy  ♦  0. 43)e  7 

)-(ajft/3240>] 

„  ,,„„l-589  0. 220  0. 594 

0 . 442Dy  My  °y 

.  ,n,n0.515  0.220  0.  594 

0 . 504Z);.  fu.j  (Jj 

f«v  *,0.537 

tp . 

J 

0.537  0.537 
j 

.  „  .  ,-,1.520  0.1  59  0.713 

0.1140C;.  My  °y 

o.izzdJ'63^-159^713 

0,  - -  " 

*■»  0. 444 

tP  . 

J 

,,0.444  0.444 

j  o 

(Dy,Ur) 

with  fixed 
velocity 
ratio 

(«>,) 

(0;.ur) 

with  fixed 
velocity 
ratio 

P&S 


Table  III 

HJLIC  (OR  PRESSURE)  ATOMIZATION  (Concluded) 
C.  Swirl  Jet 


0  GENERALIZED  FORMAT:  < Dt,/Dj )  -  k/N^tj rN*aj ;  '  * / X , / r  COMPARISON  OF  PARTICLE  SIZE  PREDICTIONS 

ONARY  SWIRL  NOZZLES:  A p  ■  N  (pu2/2 )  or  «,  «  (2Ap/,YoX  AT  STANDARD  REFERENCE  CONDITIONS 

”  J  ,,  r.  ",  ’  (SEE  TABLE  VI) 

*  or  Uj  ■  <2Ap/N  ■/>)*  -  ^  _ 


Additional  Average  Diameter  Calculated  at 
Speci  ficationa  Standard  Deference  Conditions, 
for  Microns 

Reference  ur  =  1,000  ur  =*  10,000 

Conditions  cm/ sec  cm/ sec 


juO. 1  25  iy  0.  275  0.45  0.05 
vj  vr  Pj  uj 


w0.  159  jy  0.  37 1  _  0.  378 
vj  vr  j 


All  correlations  were  based  on  the  following  values 
which  were  calculated  by  the  authors  assuming  poten- 
tirl  flow  theory.  The  following  tabulation  gives 
Nvj.  <*>'C/Dj),  and  6m  as  a  function  of  nozzle  geom¬ 
etry  as  measured  by  the  grouping  {Ai/Aj)(Dj/De) , 

The  potential  flow  assumption  would  also  imp  1 y  N  -  1. 


(Ai/Aj)iDj/De) 

N  . 
vj 

0m  ,  degri 

0.0 

CO 

1. 000 

180 

0.1 

129.0 

0.866 

121 

0.2 

39.0 

0.799 

106 

0.3 

19.9 

0.744 

95.8 

0.5 

9.36 

0.659 

82.3 

0.7 

5.29 

0.592 

72.4 

1.0 

3.75 

0.516 

61.7 

2.0 

1.94 

0.358 

42.0 

<D 

1.00 

0.000 

0.0 

0.127a°'M7(N//N  r)°-s25 


0.076  0.133 


"vi  * 1 


Nuj  -  10 


N  .  =■  1 

VJ  1 


«.i  -  10 


",j  =  1 


Nv,  *  10 


any 

5.64*  ./JVW 

0.25 

0.25 

*1 

<W  =  0 


(At/Aj)  -  1 
<D/0r)  =0.3 


(uJi/»>>  -  1 


Nv, 

1 

'V 

10 

N  . 

1 

VJ 

N  ■ 

10 

VJ 

Correlation  based  on 
Needham's  data. 


The  term  kuJ  is  appre¬ 
ciably  different  from 
unity  at  verv  high 
liquid  viscosities.  At 
the  standard  reference 
conditions.  kuj  is 
essentially  unity.  The 
actual  values  of  k  do 
not  deviate  from  unity 
except  at  extremely 
high  values  of  viscosity 
and  cannot  be  reconciled 
with  the  authors’  data. 


Grooved-core  nozzle. 


Tangent i a  1 -entry 
nozzle. 


Grooved- core  nozzle. 


UNITS 

REQUIRED 


EXPANDED  RELATIONSHIP  FOR  AVERAGE  DIAMETER 


0.1  0.260  VJ-M^/V0 


Type 

Diameter 

Ratio 

<»„/»)> 


Control  1 ing 
V* riables 
Assumed 


'm  • 


n0.iBo. 4.0.0 

)■  «  'j 


0.0122  i/9t)0'6 

0,„  "  0.0122  (»i/ii|)0'<(M4/C|DJ..>‘’,1S  *  flo.isuo,i5po.J» 


0.842 

D ”  |)0.  J3  Jfl0ul .  144p0.  STSpO.  10 1 

where 

*,  .  l  *  2.2S  [Co.muo.604/}o.S72Mo.oir/i£1o.oooa,i,5.!)[.,/,(]«. 

np  •  1  for  *j/*t  >  0*3 

nw  ■  0.5  for  *j/*t  <  °*3 


Note:  Kim  reported  hia  correlationa  in  two  formats:  one  give*  drop  diameter  in  term* 
of  dimension  leas  groups;  the  other  in  term*  of  common  units.  There  is  a  discrep- 
ancybetween  the  two,  the  former  giving  drop  sites  which  are  1.4$  times  larger 
than  the  latter.  The  former  is  the  basis  for  the  results  reported  here. 


<V“  r> 

With  fixed  geometr 


<vV 


Mugele  (i960) 


Nukiyama  and  Tanasawa 
(1939) 


consistent  I  0, 


1140  flj'" 


u,.=7pO.,2 


Plit  (1962) 

for  “«  4  U,<r 


f1-83  c°-2,^  cM-S8 


alloy  (low  melting)  I  cgs 


*f  ■  <9 

*»,  ’  ‘.|(0/DiO)°'4,(0;/0,„)‘>-4*(l  •  0.573  0O)[1  •  0.05  (L/D,)) 

fcn,  ■  (Dgl/DJ)°‘6  for  2-tube  nettle 

A„,  ■  t(D/  ♦  DlI)/DJ]°-tiDj,/DJ)01  for  3-tube  nonil- 


■  94200  0'-35/u|-s> 


..  ■  444/u1/11 


19.0  18.5  £,0.1D0.2  u0.1M0.Sc0.2tjtr 


Note:  This  article  conta 
reports  that  the  a 
calculating  partic 
equation.  It  was 
versely  *s  either 
power,  varying  fro 
such  phenomenon  i> 
for  critical  veloc 
the  author  present 
The  author  cove  re*! 


u  p9 • *p® • ® 

rHi  ■ 


[1  . 

1  •  2.6 


Urp0-«p0-3 


Table  IV 


*2 


IA  ON  PNEUMATIC  (NO  FLUID)  ATOMIZATION 


•INVERSION  TO  GENERALIZED  FORMAT:  (£>,,/!  j>  ”  */'*!„>  X.jr  *  ^k'A  ,Nt ,  j  r 


COMPARISON  OF  PARTICLE  SIZE  PREDIC¬ 
TION  AT  STANDARD  REFERENCE  CONDITION 
(See  Table  VI) 


Control  l  ing 
Variables 
Assumed 


(By-.) 

With  fixed  geometry, 
fixed  volumetric  load¬ 
ing  <9 *nd  fixed 

0 . 2  60  (P/Pl  >' 0  ■  *  Ipfj  /M*  )  ( q  J /qt )  °  •  4 

(Dj /D,  >°- )°- *<■>,/“, )°- 4 

With  fixed  geometry, 

0.0122  (p;/pf)0-7S(/>>o'J/>>J)(?y/7,)0,6 

fixed  volumetric  load¬ 
ing,  and  fixed  (ug/uf) 

<D,./D/)°-,5(m/m|)0-,5;(u  ,/ur)0'lS 

<V«r> 

With  fixed  geometry 

0.842  <p/p/°-  572<P/7/M/)SlVD»*>0'”3 

'“r'V 

or 

<“r  .M,> 

0.842  (4>//>|)0l57S»,U/D|,HD/D|,)°-733 

any 

1140 

<V“,> 

5.85 

Ur.ffj) 

5.85  *9/0“-5 

with  fixed  ratio 

(uf/up) 


1.8J  A^Vy-62-;-30 


«2-|pj- sv;-40(af/«r) 


te:  This  article  contains  numerous  typographical  errors  and  inconsistencies,  many  of  which  could  not  be  resolved.  This  author 
reports  that  the  arithmetic  mean  diameter  was  measured.  Actually  his  method  measures  a  Sauter  diameter.  His  equation  for 
calculating  particle  size  also  seems  to  be  in  error  by  a  factor  of  (3/2)^,  the  actual  size  being  larger  than  shown  by  his 
equation.  It  was  not  possible  to  reconcile  his  plotr  with  his  equations.  His  equations  show  drop  diameter  varying  in¬ 
versely  as  either  the  square  root  or  firat  power  of  gas  velocity;  his  plots  show  this  variation  to  be  closer  to  the  second 
power,  varying  from  1  to  3.  He  reports  a  critical  velocity  at  which  drop  size  variation  with  gas  velocity  changes.  No 
such  phenomenon  is  apparent  from  his  graphs,  nor  can  his  equations  for  this  critical  velocity  be  reconciled  with  the  curves 
for  criticel  velocity  presented  in  his  graphs.  The  equations  given  here  are  direct  algebraic  conversions  from  the  equations 
the  author  presented  ignoring  the  above  problems.  Oily  the  equations  for  velocities  less  than  the  critical  are  presented. 
The  author  covered  a  gas  velocity  range  of  25  to  75  m/sec  with  drops  in  the  size  range  of  30  to  500  microns  diameter. 


uf;  value  of  exponent 
a  was  assumed 


‘Vv 

with  fixed  geometry 


94200  * 5^0. 38/0.1.03 


444  p0.7/D0.J„0.2V0.4l 


0.65  1.03 


0.41 


I  0.70 
|(  assumed) 


18.5  (L|/Di)ol(O>,/D/)0'2(pJ/p,)0'3(u.^/<rj)01»i)kr 


18.S(ti/flp)#-^i)>,/Oi)#-2(»/ur)».l(#.//p.f)»-3*flr 


B.S  <V,W°''<W0 


3850 


2060 


1 

r 

0.1  294 


Essentially  an  external- 
mix  nozzle;  airdischarge 
velocities  are  sonic;  fig 
was  not  varied. 

Correlat ion  i  s  for 

>  0.1 


Essentially  external-nix 
nozzle;  also  gives  simi¬ 
lar  correlation  for 
double  air  nozzle  type 
atomizer 


Correlation  for  low 
liquid  loading 
{q./qg  <  0.0001) 


Internal  mix  nozzles 


Combination  mix  nozzles: 

(a)  2- tube  nozzle  consists 
of  two  concentric  tubes, 
center  tube  heving  a  serrated 
tip.  Liquid  admitted  to  the 
inner  edge  of  center  tube; 
air  flows  through  both  tubes; 

(b)  3- tube  nozzle  consists 
of  three  concentric  tubes 
converging  at  the  discharge 
end.  Liquid  enters  the  an¬ 
nulus  between  the  center 
and  the  second  tube;  air 
enters  the  center  and  the 
outside  tube. 


Venturi  atomizer  of 
pi  lot  plant  si ze. 


External-mix  nozzl<  . 

^applicable  only  for  liquids 
capable  of  coallescing  or 
drop  collision;  apparently 
assumes  that  ur  is  equal  to 
the  velocity  of  sound  for 
high  pressure  nozzles. 

Data  based  on  external  mix 
atomizer  with  central 
liquid  feed  tube  surrounded 
by  swirling  compressed  gnu. 


Table  V 


SUMMARY  OF  DATA  ON  “nrrARY  OR  SPI 


CONVERSION  TO  GENERALIZED  FORMAT:  ( DXT/Dd ) 


UNITS 

REQUIRED 


EXPANDED  RELATIONSHIP  IOR  AVERAGE  DIAMETER  Di ^eter  Contr°1Hng 

‘  _  Variables 

Ratio  ,  , 

(\X/Dd)  A>aumed 


Fraser,  Dombrowski 
and  Routley  (1963) 


[6  x10"*]  ♦ 


f2.7SkBgk,"|rr?M-21^-5l 


k„g  -  (ir/Orf)°'25[l  *  (Lr/Dd)l0-25  D 


<Dd,ud) 


2-75iss*,irr;l°'5K' 


kq  ■  i  ♦  o.oesUj./w,)1,5 


(ud,Oj) 


kg  ■  [l  -  ( ug/ud )  »  0 . 5 ( ug/ urf) 2 ] 


L.  ■  0.2  inch 


Note:  This  format  is 
additive  term  6  * 10~4 
Djj.  This  term  corresj 
particle  site  of  6  mic( 
such  a  lower  limit  is  qu 
of  the  author’s  data  th 
with  the  actual  drop  si 


Friedman,  Gluckert 
and  Marshall 
(1952) 


0.913  * 


o^nro-^o-^o-v;-2^.-1 


consistent 


«WS 


iDd.»d>; 


(T j/ Pj)  *  Reynolds  m 
liquid  velt 


lud,Pj) 


IfUnPj/Vj 


Authors  report  that  ai 
with  k  three  times  as 
their  data  for  the  nia: 
those  of  Walton  and  P 


Mugele  (1960) 


consistent! 


1.73d5-5M®-05<7®-45 


»iy3Pj 


^  pm  ■  x/^i\  any 


Peskin  and  Lawler 
(1962) 


consistent 


Dxx^Dd  any 


Putnam  and  Miesse 
(1957) 

[Based  on  data  of  consistent 
Walton  and  Prewett 
(19*9)1 _ 


3  32fl0.  437^0.08  20.0.  481 


.,1.044.0.563 

ud  Pj 


any 


Walton  and  Prewett 
(1949) 


comment 


udPj 


Dx,/Dd  *"y 


FORMAT:  lD„,d{)  .  k/fyV, N&jd 


COMPARISON  OF  PARTICLE  SIZE  PREDICTION 
AT  STANDARD  REFERENCE  CONDITIONS  (see  Table  VI) 


Average  Diameter 


\  itional 
Speci f ications 
for  Reference 
Conditions 


Ur/Dd) 


Calculated  at  Standard 
Reference  Conditions, 
&XXt  Microns 


ud  *  10,000 
cm/ sec 

=  19,100  rpm) 


*'  This  format  is  derived  by  ignoring  the 
itive  term  6  * I0-4  in  the  equation  defining 
This  term  corresponds  to  a  lower  limit  on 
icle  site  of  6  microns.  Thv  reality  of 
i  a  lower  1 imi t  i s questionabl e  and  for  most 
.he  author  s  data  thi s term  i s smal 1  compared 
i  the  actual  drop  site. 


‘a*  ■  <W01 

*,«  ■  <W°-J 


Mj )  *  Reynolds  number  based  on  radial 

liquid  velocity  and  film  thickness 


thors  report  that  an  identical  expression 
th  k  three  times  as  large  fitted  both 
eir  data  for  the  maximum  drop  size  and 
ose  of  Walton  and  Prewett. 


(  IT j/Vg) 

<W 


( W 

(ug  ud) 

<w 


«  1000* 

(L./Dj)  *  77* 


,  Corresponds  to  a  capacity 
of  314  g/sec  («*5.0  gpm 
for  water)  for  a  10-cm 
diameter  disk  and  a  liquid 
of  viscosity  1  cp. 
t Corresponds  to  a  simple 
(non-vaned)  disk. 


Combination  atomizer  in  which 
an  air  stream  impinges  at 
right  angles  on  a  sheet  of 
liquid  leaving  a  4-inch  di¬ 
ameter  spinning  disk 


Low  liquid  feed  rates 


Theoretical;  low  liquid  rates 


Lo*  liquid  rates 


Low  liquid  rates;  at  very  low 
rates,  main  drops  leave  the 
water  as  single  drops  and  are 
quite  uniform.  At  higher 
liquid  rates,  the  number  of 
smaller  (aatellite)  drops 


la  Mr  \  | 

STANDARD  REFF.RKV  F.  I  '  AMT  IONS  K)R  (OHRFl.ATION  COMPARISONS 


mjj)  PBQPf.ftTlF.s 

C  ~  0.001  g  cm'  "  10  '  «  cm  ' 

P  f  -  1  g  'em  3  -  ll'°  it  rm' 

u ^  -  0.01  c p  "  10  *  poise 

u  "  1  rp  =  10  ‘  poise 

< Tf  »  1 00  dvnes  rm  »  10“  dynes  <  r 

V-  "  1  atm  (where  needed  l 


N077ih  00  01  ;h  PHOPFHTIKs 

Dd  =  10  cn  -  I0l  c  m 

/)  2  l  rm  “  1 0^  cm 

n*  -  i  _  _  i\~  1 


40  1  err. 

J  radian 


FI CW  CONDITIONS 

Ve  l  oc  1 t  >• 

(u,u  ,  (1  ,U  ,  nr  li  r  n>  set 

>•'  J  t,  s,, 

Corresponding  values  nf  d  i  mens  i  o.\  1  ei»s  ratios 

(opillarv  Number 

V 

(  '.  a  f 

rroudt 

-1  uu  '? 
t  1 

Number  s 

Vfrrf 

=  ul  *Lnd 

v,  =  «;  *in, 

(tines or ge  Numbers 

'o* <,d 

S0h,  i 
Heynolr 

-  “I'Vr, 

*  u2  Vvn 

a  Numbers 

^  fle ;  d 

T  u, 

'  *»  1 1 

=  /)  li  O  a 

)  )  )  ) 

\  'V» 

Ke  ;  r 

* 

V  =  D  u  p  n 

«e|r  I'll 

Weber  Numbers 

V»»;8 

=  0  jV  f 

d  <r  ;  ; 

'*  J 

=  0  u  V  cr 

/  ;  ;  j 

V»,;r 

-  D  uV  '<7 
l  r  )  ) 

Vf,*r 

-  D  U*P  j 

$  r  6  7 

Ve  1  oc  1 1  y 

Head 

* 

a*-  dynes  .  rm* 

/  ) 

psi 

ft  fluid  flowing 

2/n  j  2 

«  u  /  * ,  dynes  i  m 

in.  *aler 

Volumetric  Flow  Ra'ea 

U  * 

(i  A  ■  "u  '■  *  4,  cm3,  sec 

11  1  ,1, 

ft  min 

9.  3 

u  4  *  nu/~/''  *'  cn^  '»«c 

*•1  1>r 

Mat  a  Flow  Rates  I 

•*  * 

0.9,.  f/,ec 
lb  >ir 

«;  * 

P.9..  */»*c 

J  '  Ib/hr 

Disk  Speed,  u  ,,  cra/aec  | 

r«di»n»/'*»c 

rpm 

a  j,  number  of  gravities 

l.ojo  t  to-  l.ojo  .  10* 
l  0J0  I  104  l.ojo  »  10* 


5.00  I  10s 
7.25 
16.75 

5.00  .  102 

0.200 

7B5 

1.662 

'.85 

7.46 

0.785 

6.23 

7.85 

62.3 

10J 

200 

1,910 

20* 


5.00  *  107 
725 
Ib75 

5. 00  i  10* 

20.0 


7.85 

62.3 

78.5 

623 

10* 

2,000 

19,100 

20,400 
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Table  VI I 

SIMMAHY  OF  DATA  ON  EFFECT  OF  VARIABLES  ON  MEAN  DROP  SIZE 


Eapoanat  gitaa  ia  net  lor  all  diaatter  larar  or  for  all  ttlocity  teraa. 
Aatbor  rnporta  it  different  foraat;  tbia  ia  aqoxalant  eapoeeatial  aflaet. 
Eagan  ante  fiaa a  ignore  an  odditiaa  tera  raoorlad  by  eothor. 
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A.  I)i  men  a  i  oiia  1  Analysis 

Many  investigators  have  given  a  dimensional  analysis  of  the  atomiza¬ 
tion  phenomenon  [in  particular:  Baron  (  1 9  19 1  ,  Kuznetsov  and  T.s  l  a  f  (1958), 
Mug  e 1 e  flQnn),  PI  it  ( 1 0  fa  3 ) ,  Popov  (195b),  Banz  (195b),  and  Wigg  (19bO)J. 
Inis  section  presents  an  attempt  at  generalizing  such  an  analysis  for  all 
types  of  common  mechanical  atomizers. 

For  atomization  of  a  liquid  by  means  of  a  simple  jet,  two-phase 
nozzle,  or  spinning  disk,  we  may  assume  that  the  mean  particle  diameter 
is  determined  as  follows: 


0,,  1  v!/>.  u.  q, ,  p,.  Pt.  >Lj  ■  nt.  a,.  gL  ■  ■  (A-l) 

where  D  is  a  characteristic  dimension  of  the  atomizer  and  u  a  character¬ 
istic  velocity.  Additional  geometric  ratios  may  also  be  used  to  describe 
geometric  variations  if  needed. 

by  dimensional  analysis,  Equation  A-l  may  be  reduced  to 


N„t.  N„,.  Nfr,  <P/Pg).  OyV,).  (q^/uD2),  (<?,/<?,)]  .  (A‘2) 

AfB  t  -  Oup/  (m  ,  (A- 3) 


N" 

-  Uu2  p/cr 

( A-4) 

=  u/c  , 

(A- 5) 

Nfr 

-  u2/gLD  . 

(A- 6) 

Any  subscript  may  be  used  on  D,  u,  p,  and  p  in  defining  the  various  terms, 
*•  ane^  Nfr.  The  ones  chosen  merely  establish  the  nature  of 

the  function  v^,  Any  additional  geometric  ratios  (such  as  angie  or  dimen¬ 
sion  ratios)  needed  to  fully  describe  the  atomizing  equipment  would  be 
added  as  additional  dimensionless  terms  to  Equation  A-2.  The  term  q^/uO2 


0,,/D  - 

where 
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is  actually  a  gi'onietric  factor,  since  q u,  and  0  are  interrelated  in 
terms  of  the  geon.ettv. 

In  the  case  of  a  simple  jet  atomizer,  q^  is  zero  and,  if  u  a'd  D  are 
taken  as  and  0^  ,  respectively,  (q^  '  uD2 )  becomes  a  constant,  since 

q  -  "U  D2  4  (  A-  ?  ) 

M  i  ) 


Therefore,  for  the  simple  jet  atomizer  the  last  two  terms  of  Kqualion  A- 2 
will  disappear. 


For  the  spinning 
Equation  A- 2  dlsappea 

disk,  q  is  usua 

^  f 

r  s . 

1  1 y  zero  and  henre 

the  last 

term  o 

For  a  two- phase 

atomi  zer  nozzle 

% 

=  v'<«v  D,  )  - 

vu,D]  '4 

(A-8) 

n 

1  f 

*  s/(u|,  D g) 

nu,Dl/ 4 

( A-  9 ) 

Ur 

*  V< ,  uf) 

!"«  ■  1  • 

(A-10) 

Thus,  taking  0  and  u 
Equations  A-8  to  A-10 
three  equations.  By 
may  be  replaced  by  a 

as  the  dimensions  and  velocities 

,  we  have  added  to  Equation  A-2 
means  of  these  the  term  (q^'uD2) 
velocity  ratio,  e.g.,  ( u f / u) ■ 

spec i f i ed  in 

three  variables  and 

in  Equation  A-2 

It  should  also  be  noted  that  other  dimensionless  numbers  commonly 
referred  to  in  the  literature  on  atomization  are  not  independent  of  the 
above.  They  are  actually  a  combination  of  one  or  more  of  these,  for 
examp  1 e , 

N0, 

=>  y^/Dpcj  ■  b 

.  /w2 

If  l» 

(A- 11) 

" c a 

=  un/'o-  =  N" 

( A- 12 ) 

CP 

o 

=  g  LpD2/c?  * 

(A- 13) 

*c. 

*  g tD3p2/MJ  * 

( A- 14) 
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These  combinations  have  certain  advantages  in  some  applications.  For 
example,  the  Ohnesorge,  the  Bond,  and  th<“  Galileo  numbers  are  independent 
of  fluid  velocity,  while  the  capillary  number  does  not  involve  a  sire  term. 

The  various  dimensionless  numbers  are  all  a  measure  of  the  relative 
importance  of  certain  forces,  as  indirated  below: 


Dimensionless  Number 


Reynolds,  Sa 

n  t 

Weber,  N9e 
Froude,  Nf 
Capi 1 lary,  NCa 
Bond,  SBo 
Mach,  Nb a 


Measure  of  the 
Relative  Magnitude  of 

Inertial  to  shear  forces 

Inertial  to  surface  forces 

Inertial  to  hydrostatic  forces 

Shear  to  surface  forces 

Hydrostatic  to  surface  forces 

Compressibility;  or  of  oriented 
to  random  molecular  motion 


Thus,  for  those  cases  where  the  relative  magnitude  of  a  type  of  force  is 
small,  the  effect  of  that  dimensionless  group  which  measures  that  force 
can  be  neglected. 


B.  Condensed  Relationship 

Since  compressibility  effects  are  significant  only  for  high  pressure 
pneumatic  atomization  and  hydrostatic  effects  are  significant  only  with 
very  large  drops,  one  may  usually  neglect  the  effects  of  /V-a  and  SFr- 
Thus,  for  convenience,  Equation  A-2  may  be  written  in  the  following  iden¬ 
tical  alternative  forms: 

0tt/D  -  k/N*ntNBCt  -  k/N«n:*N°'  -  V*n:B"ok  •  U'15) 

This  assumes  that  the  role  of  Reynolds,  Weber,  capillary,  or  Ohnesorge 
numbers  can  be  approximated  by  simple  power  functions.  The  “ constant "  k 
will  include  the  effect  of  all  the  other  terms  of  Equation  A-2. 

If  we  assume  that  (1)  the  effects  of  hydrostatic  head  (Froude  number) 
and  compressibility  (Mach  number)  are  negligible,  (2)  the  effect  of  gas 
properties  is  small,  and  (3)  the  atomization  is  controlled  by  the  relative 
velocity  between  gas  and  liquid  rather  than  by  the  absolute  velocity  of 
either  phase,  then  ik  would  be  expected  to  approach  constancy  at  low  liquid 
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loadings  provided  the  Reynolds  and  Vieber  numbers  are  expressed  in  terms 
ol  relative  gas  velority  and  liquid  properties.  Tine  suggests  that  a 
simplified  means  for  comparing  data  may  be:  for  simple  stationary 
hydraulic  atomizers  discharging  into  stationary  gas. 


D,  ,/D  -  k/N*'0  tt» 

*  *  >  *  *  1 1  *  *  / 1 


for  hydraulic  and  pneunatic  atomizers  in  general, 


D  /D  •  k/Na‘°  /Vg 

*  m  j  R  * )  r  W  t  j  r 


for  spinning  disk  atomizers, 


(A- 16) 


( A- 1 7 ) 


This  is  essentially  the  format  adopted  by  Mugele  (1960). 


(A- 18) 


C.  Conversions 

Assume  that  there  is  available  a  relationship  of  the  form 


n _  n  n _  n  « 

D,,  -  KlfD  °u  *p 


which  is  to  be  converted  into  the  form  of  Equation  A-15  or 


(0,,/d)  - 


By  combining  Equations  A-15  and  A-19, 


(A- 19) 


(A-15) 


"-♦a-l  n  *a*0  »  +a  n  -a*0 

k  =  K  D  D  u“  p  p  p  p 


(A- 20) 


The  conversion  can  be  made  in  several  ways  depending  on  which  two  terms 
are  to  be  excluded  from  k.  It  is  desirable  to  include  those  variables 
that  have  the  moat  influence  on  fineness  of  atomization  with  or  Ntf, 

and,  therefore,  to  exclude  them  from  k.  However,  to  logically  justify 
exclusion  of  a  variable  from  k,  the  investigator  must  have  studied  that 
variable  and  its  effect  on  atomization  to  a  significant  extent.  lr.  most 
investigations  the  items  most  widely  varied  are  nozzle  size  (D)  and 
velocity  (u). 
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Table  A- 1  gives  the  fartors  a ,  3,  aiiti  k  corresponding  to  all  the 
possible  bases  for  converting  from  Equation  A-19  to  Equation  4-15.  In 
giving  these  conversions,  the  specific  exponents  refer  only  to  the  expo¬ 
nents  on  those  terms  which  appear  in  the  desired  format  of  or  Nft 

(i.e.,  0^  and  tir  if  is  desired;  0^  and  uf,  if  Nr,,,  is  desired,  etc,!. 

Similar  variables  having  different  subscripts  from  those  used  to  define 
N n t  or  ,Vft  are  grouped  together  with  their  exponents  as  part  of  Ktf- 
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A.  Basis  of  Survey 


This  bibliographic  survey  was  undertaken  to  icvcal  information  on 
atomization  processes  relevant  to  dissemination  of  rhemical  warfare 
agents.  The  survey  was  conducted  in  two  phases:  (a)  a  primary  survey 

covering  open  literature  and  government  report  literature  appearing 
between  January  1^50  and  August  31.  1965,  and  <b)  a  supplementary  survey 
of  the  open  and  government  report  literaturr  appearing  between 
September  1,  1965  and  December  31,  1966.  The  primary  survey  includes 

some  additional  references  appearing  before  1950  and  after  September  1965 
which  were  found  as  various  articles  were  reviewed. 

The  reference  sources  consulted  for  both  the  primary  and  the  supple¬ 
mentary  survey  are  summarized  in  T  ble  B-  I .  In  addition,  other  sources 
were  also  consulted,  including  Stanford  Research  Institute  files  and  the 
personal  research  files  of  staff  scientists. 

Table  B-II  presents  a  summary  of  the  references  in  the  primary  survey 
classified  by  subject  matter.  The  subject  classification  has  been  derived 
by  review  of  the  abstract  (or  title,  when  the  abstract  was  not  available). 
The  subject  classification  in  some  cases  may  be  erroneous  or  incomplete 
because  of  ambiguity  of  the  abstract.  The  subject  areas  indicated  are 
largely  self  explanatory.  “  Imp i ngemen t- fly d rau 1 i c  Atomization  Techniques 
includes  jets  impinging  on  each  other,  on  a  deflector,  or  on  other  solid 
surfaces.  Stationary  centrifugal  or  swirl  nozzles  (i.e.,  fixed  hydraulic 
nozzles  with  a  tangential  entry)  are  included  under  "  Spray-Hydraul i c 
Atomization  Techniques.”  “External  Vibrations”  includes  all  techniques 
using  externally  applied  vibrations,  such  as  those  produced  by  mechani¬ 
cally  vibrated  reeds  or  nozzles,  solid  state  vibrators,  or  sonic  or  shock 

waves. 

Detailed  reference  data  follow  Table  B-II.  The  references  are  listed 
alphabetically  by  the  last  name  of  the  first  author,  with  the  most  recent 
article  of  that  author  given  first.  Where  avsilable.  the  reference  is 
followed  by  an  abstract,  with  the  abstract  source  indicated  by  code  at  the 
end  of  the  abstract.  This  code  is  identified  in  Table  B-I  and  is  the 


abbreviation  given  in  M<->  first  column.  When  the  abstract  was  by  the 
author,  the  word  “A*  s  indicated  as  the  abstract  source. 

The  following  i  .aals  or  organizations  are  extended  specia 

thanks  for  their  permi.,sion  to  include  their  copyrighted  materials. 

Prof.  K.  J.  DeJuhasz  {".Spray  Literature  Abstracts’*) 

Academic  Press  (J.  Coll.  Sc i . ) 

American  Institute  of  Physics  (J.  Client.  Phys.,  Hev,  Sci. 

Instr.,  J.  Appl.  Phys.,  Soviet  Phys. -Tech.  Phys.) 

American  Physical  Society  (Phys.  Rev.) 

American  Society  of  Vlech.  F.ngrs.  (Applied  Mech.  Rev.) 

Franklin  Institute  (J.  Franklin  Inst.) 

Institute  of  Electrical  Engineers  (Physics  Abstracts) 

Pergamon  Press  (Chem.  Eng.  Sci.) 

The  Combustion  Institute  (Symposia  on  Combustion) 

The  American  Chemical  Society  refused  to  grant  permission  to  repro¬ 
duce  abstracts  from  any  of  their  journals  or  from  Chemical  Abstracts, 
and  the  abstracts  from  these  were  omitted.  Fortunately,  there  were  only 
about  60  references  from  ACS  abstracting  sources  for  which  abstracts 
could  not  be  located  elsewhere;  the  Chemical  Abstract  reference  number 
has  been  indicated  in  those  cases. 
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IVrps  Mint 
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\rpliiil  Mrtli.thii" 
lls-IIIMi  W  \-AtH 

I  V.  V  " 

l.m .  1  '•  b*  -  Dr.  1  *«i». 

1  . . I  Ilf  Mi  *  To"  er  1  1  |I  ■>  (  orbu^t  1  Mil  .  fuel  jets 

,'«,i  1  i  oti  < •  t  La*  b  1  s *»uc»  •  *«-l  ii'l  mi  -  1  i  <|u  i  d  dr  ops 

\»*r  *  N*.  1  Dr  op* 

\l  o«.i  x.it  urn  ’et  *  -  1 1*.  nmj*rn«*  « |  1  **  rt 

Vl  .  >m  |  ii*f  s  S|*4  *>  s 

Kilt  i*|  In  Technical  IV*  v  if* 
(Issued  |»v  Hut  telle  Memorial 
Institute) 

[hMI-VoI.  No. -  Abstract  Nr.] 

Jan.  l9'iJ  -  Per.  l9*>t’ 

\erono  1  h  1  *i» 

Atomization  Jets 

Drops  Spravs 

Drying  Apparatus  Tirhuleme 

Uir*mi<iit  Mist  r art  s 
(Issued  by  Mis) 

[CA-VoI.  No. -Abstract  No.] 

.l.m.  I'lSO  -  ffcr.  JH .  1  Vnr. 

Atomization  hog 

Atomizer*  Insert iciden 

(.oil oid.  -  Aerosols  Mi*i* 

IVops  Particles 

IV vi nit  Apparatus,  Spr.iv  Sprays 

Uist 

Dissertation  Abstract* 

[ DA- Vol.  No. -Page  No.] 

Abstracts  were  taker,  from 
tins  source  ,i  f  t  r  r  reference 
was  jbtained  from  other 
sources 

No  subject  index 

“Spray  Literature  Mist  r acts" 
(Vol.  1),  compiled  and 
edited  bv  K.  .1.  DeJuhasz 
(Published  by  ASME.  I9.r>9) 

tde  J  l-l’agr  No.] 

Entire  Volume 

Each  ent  ry  was  checked 

“Spray  Literature  Abstracts” 
(Vol.  If),  compiled  and 
edited  by  K.  .1.  IVJuhnsz 
(Published  by  ASME.  1%4) 

ide  J  11 -P.gr  No.] 

Knt i re  Vi  1 ume 

Each  entry  was  i herked 

Scientific  and  Technical 
Aerospace  Reports  (STAR) 
(Issued  by  NASA) 
[iN-Year-Abstract  No.  ,  Issue 
No. -Sect ion  No. ] 

Jan.  B,  I%J  -  Pec.  .U ,  19(ib 

Aerosol  hog 

At  omi  zat  ion  Jet  * 

Charged  Particles  Spraya 

IVops  Turbulence 

Electrostatic  Propulsion 

ftiysica  Abstracts:  Scienre 
Abstract?  Section  A 
(Issued  by  the  Institute  of 
Physics ) 

fpA-Vol.  No. -Abstract  No.] 

Jan.  1950  -  Dec.  l9bti 

Aerosols  Impact 

At  on  i  2  a  t  (txi  Jet  *  | 

Combustion  Liquid  Osc  i  1 1  at  iona 

IVops  Spray* 

Flow  Turbulence 

Hydrodynamics 

Table  B- l  (Concluded} 


ABSTRACT  SOURCE 
[Abbreviation  Uaad] 

ISSUES  REVIEWED 

SUBJECT  HEADINGS  CHECKED 

Technical  Translations*^ 
(issued  bv  (he  Dept,  of 
Commerce,  (JTS) 

iT*Vol.  No. -Page  No.J 

Jan .  1958  -  Dec.  31.  1966 

Aerosols  Drop* 

Atomiration  Jets 

Combustion  Spray* 

Tethnical  Abstract  Bulletin 
(issued  by  the  Dept,  of 

Comme  r  c  e ,  CFST I ; 
tTAB- Year- Issue  No.] 

This  bulletin  contain*  abstract*  of  ASTJ4  documents. 
The  abstract  was  obtained  from  this  bulletin  in 
those  cases  where  an  AD-number  reference  wa*  avail¬ 
able  from  other  sources. 

A.  A.,  ef  at., 

*  Injection  and  Combust »  *n 
of  Liquid  Fuels, " 

*A11C  Tech.  Rept.  $6-344. 

1957 

All  references  at  the  end  of  Chapters  1-4  were 
checked  and  some  60  of  the  237  references  were 
added  to  the  bibliography. 

*  In  the  *  Technical  Tranal at  ions M  abstract  a  th*  following  abbraviaUam  ar«  used  to  indicate  th*  source  of  th«  tranalation: 


AT3 

Aaaoc lat ad  Technical  Sartican,  Inc. 

P.O.  Boe  271 

East  Orange,  Nee  Jersey  07017 
CFSTI 

Cleannghoua#  for  Federal  Scientific  A  Technical  Infornation 
(Koracrly  Office  of  Technical  Services* 

Port  Royal  f  Braddock  Road* 

Springfield,  Virginia  22151 

<Al*o  available  through  Dept,  of  Coaaerce  Fi»ld  Office*) 

ams 

Centre  National  da  la  Racherch*  Scientifique 
Centre  da  Dtocuewntat ion 
IS  Qua*  Aaatola  France 
Par i*  7,  Franc* 

ETC 

European  Tranalation*  Centre 
Doe leaa treat  I  Cl,  Del  ft , 

The  Net bar  land* 


LC 

Photodvpltcat ioa  Serv.ce 
Public***"*  R"*rd  Project 
Library  of  Congraaa 
taahington,  O.C.  20540 

OTS 

Sea  CFSTI 
SLA 

SLA  Tranalation*  Center 
The  John  Crerar  Library 
55  Neat  33rd  Street 
Chieage,  Illinoie  60616 

TTIS 

Tranalation  end  Technical  Information  Service* 

32  Manat oe  Road 

London,  S. E.  IS.  England 


^  The  folloetng  aaaai  ear*  checked  agemat  the  author  indea  in  “Technical  Translation***  for  th*  period  January  1958* 
Dbeeaber  15,  1966,  These  naaea  reprasent  eorkar*  m  th*  fields  of  atosisstion  and  spraying  eho  publish  in  languages 
other  than  English, 


Beteaer,  C. 

Ditiaktn,  U.  F.  , 

Klam,  E. 

Seaerchan,  A.  A. 

Blinov,  V,  I. 

Engaihard,  H. 

Kt  lag,  R. 

Stange,  K. 

Blokh,  A.  G. 

Each#,  R. 

Krana,  J. 

Troeach,  H.  A. 

Boucher,  R. 

Euteneuer,  G.  A. 

Kubarjev,  M.  N, 

Ueyaaa,  K. 

Bvckhana,  S.  V, 

Gebhardt,  H. 

Lyahevakit,  A.  $. 

Vaidsnam.  L. 

Qabeeuvaie,  F. 

Golovkov,  L.  G. 

Popav,  M. 

Vereshchagin,  L.  F. 

Dagtav,  0.  N. 

Il'yaahenko,  S.  M. 

Popew,  V.  F. 

Volynski i,  M.  S. 

Dnrytfin,  B.  V. 

Kawada,  M. 

Scbremar ,  K. 

Zagir ,  L. 

Dissent,  f« 

Khokhlov.  S.  F. 

Scheers,  N.  A. 

Zaeidcki,  T.  V. 

The  a*  naaea  were  alao  checked  in  MTr*nai  ation  Monthly*  for  the  period  Jan.  1955  *  Dec,  19$?.  "Translation  Monthly" 
is  the  predecessor  of  "Technical  Translations”  and  dots  not  have  a  subject  index. 
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Table  B- 1  I 

Sl'BJKCT  CLASS  IKI  CAT  ION  Of'  RKKKBKNCKS 
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Anonymous 

"Safe,  Low  Cost  Process  for  Handling  Sulphur.' 
European  Chem.  News,  Dec.  11,  1864 ,  p  36. 
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A-20,  Atkinson,  V.  R. ,  and  A.  H.  Miller 

'Versatile  Technique  lor  the  Production  of  Uniform 
Drops  at  a  Constant  Rate  and  Ejection  Velocity," 
Rev.  Sci.  Instr.  36,  846-7  (June  1965). 
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A  fonwU  i«  given  for  the  calculation  ol  the  power  of  the  notor 
which  give*  the  disk  it*  rotational  motion,  and  also  a  formula  fee 
the  calculation  of  the  productive  capacity  of  a  di*k  sprayer. 
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"Collision  Characteristics  of  Freely  Falling  Water 
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Flow  through  the  nozzle*  wu  found  to  be  proportional 
to  pressure  to  an  exponent  which  woe  significantly  less 
than  0.50,  the  exponent  increasing  with  orifice  radius  and 
passing  through  a  minimum  as  viscosity  increased. 
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graphs  of  atomixaiio.  cf  water  and  alcohol  in  carburetor*.  Globulo  size*  were  deter¬ 
mined  from  the  phonographs  and  compared  with  values  derived  from  dimensional  ana¬ 
lysis.  Correlation  of  mean  droplet  sue  with  surface  tension,  density,  and  viscosity  of  fuel, 
and  air  velocity. 
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C.  Supplementary  Survey 


Open  Literature  and  Government  Report  Lit¬ 
erature  References  for  Period  of  September 
1965  through  December  1966 
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APPENDIX  C 


REMARKS  ON  THE  LITERATURE 


In  attempting  to  correlate  the  results  of  various  investigators,  it 
was  difficult  at  times  to  establish  the  exact  intent  of  the  author  because 
of  problems  in  semantics,  the  use  of  unfamiliar  conventions,  or  inadequate 
descriptions.  In  order  to  assist  any  future  reviewers,  the  following 
discussion  covers  some  of  the  specific  problem  areas  encountered  during 
this  investigation. 

Japanese  Literature.  The  Japanese  authors  (specifically  Tanasawa 
and  co-workers)  commonly  use  a  metric  gravitational  counterpart  to  our 
English  system  of  units,  using  meters,  kilograms  force,  and  seconds.  The 
fact  that  they  do  not  distinguish  between  kilogram  mass  and  kilogram  force 
raises  problems  in  establishing  conversion  factors  if  one  does  not  know 
whether  a  given  equation  is  dimensionally  consistent  or  not. 

The  units  commonly  used  by  the  Japanese  together  with  their  equivalent 
in  an  absolute  system  are  listed  below.  Although  the  Japanese  authors  do 
not  so  specify,  the  distinction  between  kilogram  force  ( kg f )  and  kilo¬ 
gram  mass  (kgm)  is  made  in  the  following: 

Fluid  density  (actually  specific  weight), 
kgf/m3  =  p(  gL  ,/gc  ) 

Fluid  vi scos i t y : 

Absolute,  (kgf)  (sec)/(m)2  ■  p/gt 

Kinematic,  m2/sec  =  v  =  p/p 
Surface  tension,  kgf/m  =  cr/gc 

Pressure,  kgf/m2  =  p/ge 

The  symbols  given  above  as  equivalents  are  defined  in  the  “Nomenclature.” 
However,  the  absolute  MKS  system  of  units  should  be  used  in  the  above 
equalities  (instead  of  the  cgs  units  given  in  the  "  Nomenclature") . 
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British  Literature.  The  British  use  a  term  which  they  call  “Flow 
Number’*  defined  by  the  following  equation  with  the  specific  units  indicated 

FN  =  qt  A'Ap  ,  <C-I  > 

where 

q;  -  liquid  flow  rate,  British  Imperial  gallons/hr 
Ap  -  pressure  drop  across  nozzle,  ps i 

This  number  is  basically  a  measure  of  nozzle  capacity..  The  following 
gives  the  conversion  in  terms  of  cgs  units: 

FN  =  208q/  A'Ap  ,  (C-2) 

where 

q^  -  liquid  flow  rate,  cu  cm/sec 

A p  =  pressure  drop  across  nozzle,  dynes/sq  cm 

The  British  also  use  a  discharge  coefficient,  C ^  ,  which  is  identical 
to  the  dimensionless  coefficient  used  in  most  fluid  mechanics  literature 
and  is  def ined  by 

C,  =  iq)/A)  Wp/2bp  (C-3) 

where  in  any  consistent  system  of  units 

q]  =  liquid  flow  rate 

A t  =  nozzle  area 

Ps  =  liquid  density 

A p  =  pressure  drop  across  nozzle. 

The  discharge  coefficient,  C  ,  is  also  identical  to  the  quantity  l/SN¥t . 

Russian  Literature .  Some  Russian  literature  has  used  metric  gravita¬ 
tional  unit3,  similar  to  the  Japanese  usage.  However,  in  some  instances 
the  kilogram  has  been  used  to  denote  both  a  mass  and  a  force.  This  usage 
is  synonymous  with  equating  and  ge  (both  numerically  and  dimensionally) 
when  using  the  type  of  conversions  previously  given  for  the  Japanese  liter 
ature.  This  makes  it  very  difficult  to  decide  whether  or  not  an  equation 
is  dimensionally  homogeneous  or  not. 
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General.  Some  authors  apply  the  same  name  to  power  functions  of  a 
dimensionless  ratio.  This  ,s  especially  true  in  the  case  of  the  Weber 
number.  The  Weber  number  ,s  commonly  defined  as  Du2.  .,j  but  ,s  sometimes 
defined  as  the  square  root  of  this,  i.e.,  u.  AT7!.  Similarly,  the  Froude 
number  is  usually  u2/gtD  but  is  sometimes  defined  as 

One  must  also  be  on  the  lookout  for  variations  in  the  definitions 
of  the  dimensionless  groups  involving  factors  of  integers  or  the  value 
”■  T,'e  “Se  0f  8  radlus  »"  Pla«  of  a  diameter  is  quite  common. 


NOMENCLATURE 

(Glossary ) 


Except  where  specifically  noted  otherwise,  all  equations  in  the  text 
are  written  in  a  dimensionally  consistent  form  so  that  any  consistent 
system  of  absolute  units  may  be  employed.  The  cgs  system  is  given  by  way 
of  example  of  a  common  absolute  system  in  the  following  definition  of 
terms.  If  it  is  desired  to  use  a  grav i tat i cna 1  system  of  units,  a  con¬ 
version  factor  g  c  must  be  added  as  a  coefficient  in  the  equations  each 
time  a  term  involves  a  force  (e.g.,  replace  A p  with  g  cAp ;  replace  1/Ap 
with  1  /g  f  Ap ;  or  replace  cx  with  g  cr). 

Where  a  symbol  is  used  alone  (as  in  a  table  or  figure),  any  unit  may 
be  designated.  Where  no  units  are  designated  in  those  cases,  this  factor 
is  either  of  no  significance  at  that  point  or  those  specified  in  the 
“Nomenclature”  are  to  be  used. 

o  -  acceleration,  due  to  a  force  field,  cm/sec2 

a t  3  acceleration  at  tip  of  disk,  cm/sec2 

-  total  pneumatic-nozzle  gas-phase  discharge-opening 
area  available  for  flow, sq  cm 

4(  =  total  area  of  liquid  inlet  to  swirl-chamber,  sq  cm 

4^  =  total  liquid-phase  jet  (hydraulic)  discharge-opening 

area  available  for  flow,  sq  cm 

4  a  =  actual  apparent  area  through  which  liquid  flows  at 
swirl  nozzle  discharge-opening  (i.e.,  4^  minus  area 
of  air  core) ,  sq  cm 

4e  *  nozzle  discharge-opening  area,  aq  cm 
*p  *  surface  area  of  a  drop  or  particle,  aq  cm 

Aff  ■  area  of  particle  projected  on  a  plane  normal  to 
direction  of  flow,  sq  cm 

c  =  velocity  of  sound  in  gas  phase,  cm /sec 
CD  *  drag  coefficient,  dimensionless  *  F0/(App)(pfu2r/2) 

*  discharge  coefficient,  dimensionless 
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Ci  •  constant  for  given  correlation  where  x  and  y  are  the 
authors  initials,  dimensionless  (where  more  than  one 
constant  is  needed  for  an  author,  a  numerical  sub¬ 
script  is  also  added,  e.g.,  j  ) 

d  *  "derivative  of" 

D  -  characteristic  dimension  or  diameter,  cm 

D  ■  diameter  of  the  air  core  in  the  discharge  opening 

of  a  swirl  nozzle,  'm 

D  «  diameter  of  the  swirl  chamber  in  a  swirl  atomizer,  cm 

C 

D d  *  rotating  disk  diameter,  cm 

=  pneuma t i c - no z 1 1 e  gas-phase  discharge-opening 
diameter,  cm 

D  =  effective  gas-phase  d i scha rge-cpe n i ng  diameter,  cm 

D  ■  inside  diameter  of  the  largest  tube  in  an  annular- 
type  pneumatic  nozzle  (see  Fig.  2),  cm 

-  smallest  discharge  opening  diameter  in  an  annular- 
type  pneumatic  atomizer  (see  Fig.  2),  cm 

=  diameter  of  the  liquid  phase  discharge  opening,  rm 

® it  -  effective  liquid-phase  di scharge - open i ng  diameter,  cm 

=  V  \A  t  It. 

D)o  =  outside  diameter  of  the  liquid-phase  tube  in  a  three- 
tube  annular-type  pneumatic  nozzle  (see  Fig.  2),  cm 

D t  a  -  diameter  of  the  wetted  periphery  between  the  liquid 
and  gas  phases  in  a  pneumatic  atomizer,  cm 

D j  u  =  log  median  drop  diameter  on  a  volume  basis,  cm 
[defined  by:  In  D.  -  Z  In  D  dm  /Z  dm  ] 

7  l  m  v  p  p  p  p  p 

Dmn  ■  number  median  drop  diameter,  cm 

D  m  y  *  volume  (mass)  median  drop  diameter,  cm 

Dmy  -  undefined  median  drop  diameter,  cm 

Dp  =  particle  or  drop  diameter,  cm 
D  =  maximum  drop  diameter,  cm 

pmi  r 

0  *  [iDUn  /ZD»dn  ]  1  /(  "~p  ’ 

ip  p  p  p  p 

Dim  ■  undefined  mean  or  median  drop  diameter,  cm 

D10  =  linear  (arithmetic)  mean  drop  diameter,  cm 

0JO  *  volume  mean  drop  diameter,  cm 
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Z)J2  2  Sauter  { vo  1  ume  /sur  face )  mean  diameter,  cm 
e  -  natural  logarithmic  base,  2.718  ... 


/  =  frequency  of  vibration  in  a  vibrating  atomizer, 

eye l es/ sec 

F D  ~  total  drag  force  acting  on  a  particle,  dynes 

FN  -  “flow  number,”  a  term  used  in  the  British 
literature  to  measure  nozzle  capacity 
(specific  units  given  in  Appendix  C) 

g  =  conversion  factor  =  980.7  (g  mass/g  force )( cm/sec  * ) 

[to  be  added  only  where  a  gravitational  system  of 
units  is  to  be  used] 

G  =  mass  velocity  of  the  gas  phase  at  the  nozzle  discharge 
opening  (g)/(sec)(sq  cm)  *  wf/Af 

gL  -  local  acceleration  due  to  gravity,  cm/sec2 

Gj  =  mass  velocity  of  the  liquid  (particulate)  phase  at 
the  nozzle  outlet,  ig)/(sec)(sq  cm)  =  v  J  A  ^ 

k  =  dimensionless  constant 


k *  =  factor  for  the  additional  effect  of  gas  flow  on 

drop  size,  dimensionless 

k  =  factor  for  the  effect  of  air  core  (cavity  factor) 
in  swirl  nozzle,  dimensionless 


knf  =  factor  for  the  effect  of  overall  nozzle  geometry 
on  drop  size,  dimensionless 

knt  =  correction  factor  for  the  type  of  nozzle,  dimensionless 


k 

p« 


factor  for  the  effect  of  gas  pressure  on  drop 
size,  dimensionless 


-  factor  for  the  effect  of  liquid  film  Reynolds  number 
on  spinning  disk  performance,  dimensionless 


k ^  =  factor  for  the  effect  of  loading  on  drop  size, 

dimensionless 

kf  -  factor  for  the  effect  of  recombination  of  droplets, 
dimensionless 


It  »  factor  for  the  effect  of  liquid  viscosity  on  drop 
size,  dimensionless 

=  factor  for  the  effect  of  liquid  viscosity  on  critical 
Weber  number  for  drop  breakup,  dimensionless 

K  *  dimensional  constant 


269 


K t  *  dimensional  constant  where  x  and  y  are  the  initials  of 

the  authors  presenting  the  correlation  (where  more  than 
one  constant  is  needed  for  an  author,  a  numerical  sub¬ 
script  is  also  added,  e.g., 

logjQ  *  logarithm  to  base  10 

In  *  logarithm  to  base  e 

L  *  length,  cm 

L k  »  jet  breakup  length,  cm 

Lj  *  thickness  of  liquid  film  at  the  disk  periphery,  cm 

»  width  of  the  annular  air  flow  channel  at  the  discharge 
of  a  pneumatic  nozzle,  cm 

L/  *  clearance  between  the  primary  air  and  liquid  nozzles 
in  a  pneumatic  atomizer  (see  Fig.  2), cm 

Ln)  »  length  of  the  discharge  opening  of  a  liquid  nozzle,  cm 

L  *  radial  distance  between  a  spinning  disk  or  cup  lip  and 

a  surrounding  annular  gas  jet,  cm 

L*  *  wetted  disk  periphery  per  liquid  stream  discharged, 
cm/st  ream 

m  *  mass  of  a  single  particle  or  drop,  g 

*pp  *  mass  of  powder  or  collection  of  particles,  g 

n,n'  *  exponent,  with  subscripts  referring  to  associated 

variable,  dimensionless 

np  =  number  of  particles,  dimensionless 

nm  ■  exponent  on  loading,  dimensionless 

N Bo  =*  Bond  number,  dimensionless  -  gLpD*/cr 

Nc  «  capillary  number,  dimensionless  ■  up/cr 

*  capillary  number  based  on  liquid  phase  properties, 
dimensionless  »  up  /<r 

N caji  *  capillary  number  based  on  the  liquid  phase  properties 
and  the  disk  velocity,  dimensionless  *  a^^/tr 

NCa  «  capillary  number  based  in  liquid  phase  properties  and 
velocity,  dimensionless  *  u)pi/o'j 

N Ct  r  -  capillary  number  based  on  liquid  phase  properties  and 
relative  velocity,  dimensionless  =  urp}/i t 

Nfr  *  Froude  number,  dimensionless  =  u2/g LD 

Sfti  =  Froude  number  based  on  spinning  disk  diameter  and  tip 
speed,  dimensionless  -  u^/g^Dj 
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Nfr)  ~  Froude  number  based  liquid  jet  velocity  and  discharge¬ 
opening  diameter,  dimensionless  =  uj/g Ji f 

NCa  =  Galileo  number,  dimensionless  =  gLD3p2/p2 

N g  =  Mach  number,  dimensionless  =  u/c 

=  Chnesorge  number,  dimensionless  =  p*/Dpcr 

^ Oh i d  *  Ohnesorge  number  based  on  the  liquid  phase  properties 
and  spinning  disk  diameter,  dimensionless  * 

N oh) i  *  Ohnesorge  number  based  on  the  liquid  phase  properties 

and  the  liquid  jet  discharge-opening  diameter, 

dimensionless  =  p^/D  p  cr 
'r  y  1  1 

»0h„  "  Oh  nesorge  number  based  on  droplet  diameter  and 

properties  •  pp / D  p  cr 

N  =  gas  pressure  expressed  as  number  of  atmospheres  absolute 

(refers  to  pressure  of  gas  in  atomization  zone),  dimensionless 

NKe  =  Reynolds  number,  dimensionless  5  Dup/p 

SK't'  =  Reynolds  number  based  on  gas  properties,  gas-phase,  discharge¬ 
opening  diameter,  and  relative  velocity,  dimensionless  =  D  rp  J p  ^ 

Nfie)a  ~  Reynolds  number  based  on  liquid  properties  and  apparent 
velocity,  dimensionless  =  D  ^  J)  )ty-) 

=  Reynolds  number  for  a  disk  based  on  the  liquid  phase 
properties  and  the  spinning  disk  velocity  and  diameter, 
dimensionless  =  DJu^fii/pj 

*  Reynolds  number  based  on  the  liquid  phase  properties, 

the  liquid  jet  velocity,  and  discharge-opening  diameter, 

dimensionless  *  D  u  p./ii- 
>  ri"  i 

*  Reynolds  number  based  on  the  liquid  phase  properties 
and  d  ischarge-opening  diameter  and  the  relative  velocity 
between  phases,  dimensionless  =■  D  rP  ^/p 

~  Reynolds  number  based  on  particle  properties  and  relative 
velocity,  dimensionless  =  Dpurpf/pf 

Ngtpt  ~  Reynolds  number  based  on  particle  diameter,  gas  properties, 
and  relative  velocity,  dimensionless  =  bpurpjp* 

N¥i  -  pressure  drop  through  a  nozzle  orifice  expressed  as  the 
number  of  average  liquid  velocity  heads  based  on  the 
discharge-opening  area,  dimensionless  *  &p/(p^i»J/2) 

Ntr  *  pressure  difference  converted  to  effective  kinetic  energy 
expressed  as  a  number  of  velocity  heads,  dimensionless 

«  Ap/(p^uJ/ 2) 

1 V  =  pressure  drop  expressed  as  the  number  of  equivalent 

velocity  heads,  dimension! esa  =  Ap/(pu2/ 2) 
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a 

Weber  number,  dimensionless  *  Du^p/a 

a 

Weber  number  based  on  particle  diameter,  gas  properties 

and  relative  velocity,  dimensionless  *  D  a  2P 

N. 

if  |  r 

= 

Weber  number  based  on  s  density,  gas-phase  discharge¬ 

opening  diameter  and  rtlative  velocity,  dimeris  i  on  1  ess 

a 

D  u  V  fcr 

t  r  i  ) 

N. 

"t  1  o 

a 

Weber  number  based  on  liquid  properties  and  apparent 
velocity,  dimensionless  =  D  u“*  j>  t  fy 

N.  . 

Ir  ]  d 

= 

Weber  number  for  a  spinning  disk  based  on  the  liquid 

phase  properties  and  the  disk  velocity  and  diameter, 
dimensionless  *  D ^ f<j 

N . 

»t  i ) 

a 

Weber  number  based  on  the  liquid  phase  properties,  the 
liquid  jet  velocity,  and  discharge-opening  diameter, 
dimensionless  =  D  u2o  / o 

ill  i 

N. 

ft  )  r 

= 

Weber  number  based  on  the  liquid  phase  properties  and 

discharge-opening  and  the  relative  velocity  between 

phases,  dimensionless  *  D  u1P  /cr 
r  i'll 

N", 

a 

Weber  number  based  on  the  particle  properties  and 
relative  velocity,  dimensionless  =  D  ii 2p 

p  r  p  p 

{N-'Kf 

a 

a 

critical  Weber  number  lor  drop  breakup,  dimensionless 

<VrWer 

(Nf,t) 

*  *  32 

= 

value  of  Nltg  based  on  for  Dp,  dimensionless 

a 

D32U^,/a, 

(IV-  ) 

32 

3 

value  of  Nm  based  on  D,,  for  D  ,  dimensionless 

°32 

P 

s 

pressure,  dynes/sq  cm 

P  *  1 

3 

velocity  head  of  gas,  dynes/sq  cm  =  p  gu~J  2 

P*> 

s 

velocity  head  of  liquid  jet  at  liquid  nozzle  discharge 
opening,  dynes/sq  cm  =  p^u2/2 

Ap 

= 

-  % 

pressure  drop  across  a  nozzle  or  orifice,  dynes/sq  cm 

9, 

= 

volumetric  flow  rate  of  the  gas  (continuous)  phase, 

cu  cm/sec 

1, 

= 

volumetric  flow  rate  of  the  liquid  (particulate)  phase 
cu  cm/sec 

t 

3 

time,  sec 

u 

3 

characteristic  velocity,  cm/sec 

“a 

3 

peripheral  velocity  (tip  speed)  of  a  spinning  disk, 

cm/sec 
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uf  s  gas  phase  velocity  relative  to  nozzle  at  nozzle 
discharge  opening,  cm/sec 


u 


gc  r 


U 


i 


a 


i  « 


a 

i 


u 

r 


U 


ret 


critical  gas-phase  velocity  (see  Plit,  Table  IV, 
point  at  which  atomization  mechanism  changes), 
cm/aec 

superficial  average  1 iquid  velocity  relative  to  nozzle 
based  upon  the  total  crosa-aectional  area  of  the 
liquid  discharge  opening,  cm/sec  *  qjk^ 

average  apparent  liquid  velocity  in  swirl  nozzle 
discharge  opening,  cm/sec  *  qjkjt 

average  tangential  component  of  velocity  of  the 
liquid  at  the  inlet  to  a  swirl  nozzle,  cm/sec 

relative  velocity  between  the  liquid  and  gas  phases 
(actual  velocity  that  ia  effective  in  atomization); 
relative  velocity  between  particles  and  fluid,  cm/sec 
|ut  -  u^l,  for  simple  hydraulic  and  pneumatic  ato¬ 
mizers,  cm/sec 

(  2t^p/pN<it  )'J  or  u  for  swirl  nozzles  or 

nozzles  stationary  with  respect  to  ambient  atmos¬ 
phere  in  general,  cm/sec.  [For  axial-flow  nozzles 
stationary  with  respect  to  ambient  atmosphere,  as 
in  simple  or  impinging  jets,  (N  ./N  )  ■  1  and 

ur  -  U;.J 

critical  relative  velocity  required  for  drop  breakup 
cm/sec 

radial  velocity  in  a  spinning  disk  atomizer,  cm/sec 
particle  surface  regression  velocity,  cm/sec  «  (1/2 )(dD f/dt) 
gas-phase  mass  flow  rate,  g/sec 


v}  *  liquid-phase  mass  flow  rate,  g/sec 


x  *  “a  variable" 


Z 


r 


e 


D < 


complex  factor  used  by  Nelson  and  Stevens  (1961),  (see 
Table  III  C),  dimensionless 

exponents 

liquid  flow  rate  on  a  spinning  disk  per  unit  wetted 
disk  periphery, (g)/(aec)(cm) 

efficiency  of  atomization  (fraction  of  applied  energy 
converted  into  new  surface  energy),  dimensionless 

total  nozzle  discharge-opening  angle  (angle  included 
between  the  converging  sides  of  a  nozzle,  radians) 

(x  “  j  for  liquid  phase  opening;  *  *  g  for  gas  phase 
opening;  if  the  same,  omit  x) 
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£j  *  fan-spray  angle,  exit  total  angle  (expanding)  of  nozzle 
discharge  tor  fan  apray  nozzle,  radians 

£  ■  total  angle  of  impingement  for  impinging  jet  atomizer 

(t.e.,  angle  between  axes  of  impinging  jets),  radians 

0  *  maximum  total  cone  angle  of  the  spray  at  the  discharge 

opening  of  a  spray  nozzle,  radians 

d n  -  angle  between  vanes  and  plane  normal  to  flow  direction 
(or  nozzle  axis)  in  a  swirl  chamber,  radians 

p  1  fluid  (general)  viscosity,  poise 

ix  *  continuous  (gas)  phase  viscosity,  poise 

ix t  =  discontinuous  (liquid)  phase  viscosity,  poise 

p  ■  particle  viscosity,  poise 

v  ■  kinematic  viscosity,  sq  cm/sec  ■  p/p 

!T  ■  constant  of  value  3.14159... 

p  =  fluid  (general)  density,  g/cu  cm 

Pt  =  gas  (continuous)  phase  density,  g/cu  cm 

p t  -  liquid  (discontinuous)  phase  density,  g/cu  cm 

p  *  particle  density,  g  'cu  cm 

cr  »  interfacial  tension  (general),  dynes/cm 

cr >  =  liquid-gas  interfacial  tension,  dynes/cm 

cr  =  particle  surface  tension,  dynes/cm 

*  "function  of" 

oj  *  rotational  speed,  radians/sec 
u>j  =  rotational  speed  of  disk,  radiar.s/sec 
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